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Full Name : Moshood Oluwaseun Kassim
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Interactions
Major Field : Petroleum Engineering
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Water flooding has not been very efficient in carbonate reservoirs due mainly to the low
water wetness of these reservoirs. Recently, extensive research through spontaneous
imbibition and core-flooding experiments have demonstrated that the oil recovery from
these carbonate reservoirs could be improved by modifying the ionic composition and
salinity of the injected seawater. Although the underlying mechanisms are still a subject
of debate, the improved oil recovery has been mostly attributed to the increased water-
wetness of the rock through the interactions of specific ions like Ca2+, Mg2+, SO42-, and
Cl- , which are present in seawater with the rock surface under favourable conditions.
In this thesis, static adsorption studies were extensively carried out to investigate the
adsorption interactions of Ca2+,Mg2+,SO42- , and Cl- in the Arabian Gulf seawater with
Arab-D carbonate reservoir rock composed mostly of dolomitized limestone in the
absence and presence of crude oil from the same reservoir, at temperatures of 25°C and
90°C. This was carried out with the objective to identify the optimum parameters of the
seawater that will trigger the adsorption and desorption of these ions under different
conditions, which may lead to wettability alteration. In this study, surface charge of
xix
carbonates-brines system was also studied using zeta potential technique in the absence
and presence of crude oil.
Adsorption results revealed that the rock-fluid interactions of Ca2+, Mg2+, SO42-, and Cl-
in Arabian  Gulf  seawater with carbonate rocks depends on a variety of conditions like
the rock type and constituents, brine composition, presence of crude oil, and temperature.
The various ways to promote adsorption or desorption of these ions under the different
conditions have been extensively discussed. Zeta potential measurements confirmed that
the carbonate rock is negatively charged in Arabian Gulf seawater, and this surface
charge will vary depending on the brine ionic composition, presence of crude-oil and
temperature. This research has shown that the interactions between the injection Arabian
Gulf seawater, crude oil and the carbonate rock matrix is very complex but it can be
optimized to obtain a favourable formulation that will eventually promote recovery of
additional oil by simply adjusting the ionic composition of the seawater.
xx
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ﻣﯿﻜﻲ ﻟﻌﯿﻨﺎت ﻣﻦ اﻟﺼﺨﻮر اﻟﻜﺮﺑﻮﻧﯿﺔ. ﻣﻦ ﺧﻼل اﻟﻐﻤﺮ ﺑﺎﻟﻤﯿﺎه و ذﻟﻚ ﻣﻦ ﺧﻼل ﺗﺠﺎرب اﻟﺘﺸﺮب اﻟﻌﻔﻮي و اﻟﻐﻤﺮ اﻟﺪﯾﻨﺎ
ھﺬه اﻟﺒﺤﻮث ﻟﻮﺣﻆ ان ھﻨﺎﻟﻚ ﺗﺤﺴﻦ ﻓﻲ ﻧﺴﺒﺔ إﺳﺘﺨﺎﻻص اﻟﻨﻔﻂ، وذﻟﻚ ﺑﻌﺪ ﺗﻌﺪﯾﻞ اﻟﺘﺮﻛﯿﺐ اﻷﯾﻮﻧﻲ و ﻧﺴﺒﺔ اﻟﻤﻠﻮﺣﺔ ﻟﻤﯿﺎه 
اﻟﺒﺤﺮ اﻟﻤﺴﺘﺨﺪﻣﺔ ﻓﻲ ھﺬه اﻟﺘﺠﺎرب. ﻋﻠﻰ اﻟﺮﻏﻢ ﻣﻦ أﻧﮫ ﻻ ﯾﻮﺟﺪ إﺟﻤﺎع ﻋﺎم ﻋﻠﻰ آﻟﯿﺔ ﻣﻌﯿﻨﺔ ﯾﻌﺰى اﻟﯿﮭﺎ اﻟﺘﺤﺴﻦ ﻓﻲ 
ص اﻟﻨﻔﻂ، إﻻ أن زﯾﺎدة  اﻟﺘﺒﻠﻞ اﻟﻤﺎﺋﻲ ﻟﺴﻄﺢ ﺣﺒﯿﺒﺎت اﻟﺼﺨﻮر اﻟﻜﺮﺑﻮﻧﯿﺔ ﻧﺘﯿﺠﺔ ﻟﺘﻔﺎﻋﻞ أﯾﻮﻧﺎت اﻟﻜﺎﻟﺴﯿﻮم ، اﺳﺘﺨﻼ
اﻟﻤﺎﻏﻨﯿﺴﯿﻮم و اﻟﻜﺒﺮﯾﺘﺎت ﻣﻊ ﺳﻄﺢ اﻟﺤﺒﯿﺒﺎت اﻟﺼﺨﺮﯾﺔ ﯾﻠﻌﺐ دورا رﺋﯿﺴﯿﺎ ﻓﻲ زﯾﺎدة ﻧﺴﺒﺔ اﻟﻨﻔﻂ اﻟﻤﺴﺘﺨﻠﺺ ﻣﻦ ھﺬه 
اﻟﻤﻜﺎﻣﻦ اﻟﻜﺮﺑﻮﻧﯿﺔ وذﻟﻚ ﻓﻲ ظﺮوف ﻣﻜﻤﻨﯿﺔ ﻣﻌﯿﻨﺔ.
وﺣﺔ ﺗﻢ إﺟﺮاء ﺗﺠﺎرب إﻣﺘﺰاز ﺳﺎﻛﻦ ﻣﻜﺜﻔﺔ ﻟﺪراﺳﺔ اﻟﺘﻔﺎﻋﻼت ﺑﯿﻦ اﯾﻮﻧﺎت اﻟﻜﺎﻟﺴﯿﻮم، اﻟﻤﺎﻏﻨﯿﺴﯿﻮم، ﻓﻲ ھﺬه اﻷطﺮ
د اﻟﻜﺮﺑﻮﻧﻲ ﻓﻲ اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﺑﯿﺔ -اﻟﻜﺒﺮﯾﺘﺎت و اﻟﻜﻠﻮر اﻟﻤﻮﺟﻮدة ﻓﻲ ﻣﯿﺎه اﻟﺨﻠﯿﺞ اﻟﻌﺮﺑﻲ و ﺑﯿﻦ ﻋﯿﻨﺔ ﻣﻦ ﻣﻜﻤﻦ ﻋﺮب
ﻓﺔ اﻟﻰ اﻟﺪوﻟﻮﻣﺎﯾﺖ. ﺗﻢ إﺟﺮاء ھﺬه اﻟﺘﺠﺎرب اﻟﺴﻌﻮدﯾﺔ ذو اﻟﺘﺮﻛﯿﺒﺔ اﻟﺼﺨﺮﯾﺔ اﻟﺘﻰ ﯾﻄﻐﻰ ﻋﻠﯿﮭﺎ اﻟﺤﺠﺮ اﻟﺠﯿﺮي ﺑﺎﻹﺿﺎ
درﺟﺔ ﻣﺌﻮﯾﺔ. ﺑﺼﻮرة 09و 52ﻓﻰ وﺟﻮد و ﻏﯿﺎب ﻋﯿﻨﺎت ﻣﻦ اﻟﻨﻔﻂ اﻟﺨﺎم ﻣﻦ ﻧﻔﺲ اﻟﺤﻘﻞ و ذﻟﻚ ﻓﻲ درﺟﺘﻰ ﺣﺮارة ، 
ﻋﺎﻣﺔ، ﺗﻢ إﺟﺮاء ھﺬه اﻟﺘﺠﺎرب ﻟﻤﻌﺮﻓﺔ اﻟﻤﻜﻮﻧﺎت اﻷﺳﺎﺳﯿﺔ ﻟﻤﯿﺎه اﻟﺒﺤﺮ اﻟﺘﻰ ﺗﺴﺎﻋﺪ ﻋﻠﻰ إﻣﺘﺰاز و إﻣﺘﺼﺎص اﻷﯾﻮﻧﺎت 
ﻲ ظﺮوف ﻣﻜﻤﻨﯿﺔ ﻣﺨﺘﻠﻔﺔ، و ﻣﻦ ﺧﻼل ذﻟﻚ ﯾﻤﻜﻦ ﻣﻌﺮﻓﺔ اﻵﻟﯿﺔ اﻟﺘﻰ ﺗﺆدي اﻟﻰ ﺗﻐﯿﯿﺮ ﻧﻮع اﻟﺘﺒﻠﻞ اﻟﺴﺎﺑﻖ ذﻛﺮھﺎ ﻓ
ixx
اﻟﺼﺨﺮي. إﺿﺎﻓﺔ اﻟﻰ ﺗﺠﺎرب اﻹﻣﺘﺰاز ھﺬه، ﺗﻢ إﺟﺮاء ﺗﺠﺎرب ﻟﺪراﺳﺔ اﻟﺸﺤﻨﺎت اﻟﻜﮭﺮﺑﺎﺋﯿﺔ ﻟﺴﻄﺢ اﻟﻌﯿﻨﺔ اﻟﺼﺨﺮﯾﺔ و 
ذﻟﻚ ﺑﺈﺳﺘﺨﺎم ﺗﻘﻨﯿﺔ ﺟﮭﺪ زﯾﺘﺎ )زﯾﺘﺎ ﺑﻮﺗﯿﻨﺸﯿﺎل( ﻓﻲ وﺟﻮد و ﻏﯿﺎب زﯾﺖ اﻟﻤﻜﻤﻦ.
ﻣﻦ ﺧﻼل ﻧﺘﺎﺋﺞ اﻟﺘﺠﺎرب اﻟﻤﺬﻛﻮرة أﻋﻼه، ﺗﺒﯿﻦ ان اﻟﺘﻔﺎﻋﻼت ﺑﯿﻦ إﯾﻮﻧﺎت اﻟﻜﺎﻟﺴﯿﻮم، اﻟﻤﺎﻏﻨﯿﺴﯿﻮم، اﻟﻜﺒﺮﯾﺘﺎت و اﻟﻜﻠﻮر 
اﻟﻤﺠﻮدة ﻓﻲ ﻣﯿﺎه اﻟﺒﺤﺮ ، و ﺑﯿﻦ ﻋﯿﻨﺔ اﻟﺼﺨﺮ اﻟﻜﺮﺑﻮﻧﻲ ﺗﺨﺘﻠﻒ ﺑﺈﺧﺘﻼف اﻟﺘﺮﻛﯿﺒﺔ اﻟﻤﻌﺪﻧﯿﺔ ﻟﻠﺼﺨﺮ، اﻟﺘﺮﻛﯿﺒﺔ اﻟﻜﯿﻤﯿﺎﺋﯿﺔ 
اﻟﺨﺎم و درﺟﺔ اﻟﺤﺮارة. ﻓﻲ ھﺬا اﻟﺒﺤﺚ ﺗﻢ اﻟﺘﻄﺮق ﺑﺈﺳﮭﺎب اﻟﻰ اﻟﻄﺮق ﻟﻠﻤﺤﻠﻮل اﻟﻤﻠﺤﻲ اﻟﻤﺴﺘﺨﺪم, وﺟﻮد اﻟﻨﻔﻂ 
اﻟﻤﺨﺘﻠﻔﺔ اﻟﺘﻰ ﺗﺴﺎﻋﺪ ﻋﻠﻰ ﺗﻌﺰﯾﺰ إﻣﺘﺰاز و إﻣﺘﺼﺎص اﻹﯾﻮﻧﺎت اﻟﺴﺎﺑﻘﺔ و ذﻟﻚ ﻓﻲ ظﺮوف ﻣﻜﻤﻨﯿﺔ ﻣﺨﺘﻠﻔﺔ ﻣﻦ ﺧﻼل 
ﻲ ﻣﯿﺎه ﻗﯿﺎﺳﺎت ﺟﮭﺪ زﯾﺘﺎ )زﯾﺘﺎ ﺑﻮﺗﯿﻨﺸﯿﺎل( ﻟﻠﺘﺄﻛﺪ ﻣﻦ أن ﻋﯿﻨﺔ اﻟﺼﺨﺮ اﻟﻜﺮﺑﻮﻧﻲ ﺗﺤﻤﻞ ﺷﺤﻨﺎت ﺳﺎﻟﺒﺔ ﻋﻨﺪ وﺟﻮدھﺎ ﻓ
اﻟﺒﺤﺮو ﻟﻘﺪ ُوﺟﺪ أن ھﺬه اﻟﺸﺤﻨﺎت ﺗﺨﺘﻠﻒ ﺑﺈﺧﺘﻼف اﻟﺘﺮﻛﯿﺐ اﻷﯾﻮﻧﻲ ﻟﻠﻤﺤﻠﻮل اﻟﻤﺴﺘﺨﺪم، وﺟﻮد اﻟﻨﻔﻂ اﻟﺨﺎم و درﺟﺔ 
اﻟﺤﺮارة. ﻣﻦ ﺧﻼل ھﺬا اﻟﺒﺤﺚ ُوﺟﺪ أن اﻟﺘﻔﺎﻋﻼت ﺑﯿﻦ ﻣﯿﺎه اﻟﺒﺤﺮ و ﻋﯿﻨﺔ اﻟﺼﺨﻮر اﻟﻜﺮﺑﻮﻧﯿﺔ اﻟﻤﺤﺘﻮﯾﺔ ﻋﻠﻰ اﻟﻨﻔﻂ اﻟﺨﺎم 
ﺻﻮل اﻟﻰ ﺗﺮﻛﯿﺒﯿﺔ ﻣﺜﺎﻟﯿﺔ ﻟﻤﯿﺎه اﻟﺒﺤﺮ ﯾﻤﻜﻦ ﻣﻦ ﺧﻼﻟﮭﺎ ﺗﻌﺰﯾﺰ إﺳﺘﺨﻼص اﻟﻨﻔﻂ ﻏﺎﯾﺔ ﻓﻲ اﻟﺘﻌﻘﯿﺪ، إﻻ اﻧﺔ ﺑﺎﻹﻣﻜﺎن اﻟﻮ
اﻟﺨﺎم ﻣﻦ ھﺬه اﻟﺼﺨﻮر، و ذﻟﻚ ﺑﺘﻌﺪﯾﻞ اﻟﺘﺮﻛﯿﺐ اﻷﯾﻮﻧﻲ ﻟﮭﺬه اﻟﻤﯿﺎه. 
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INTRODUCTION
Many studies have been carried out to assess recovery from carbonate reservoirs, the
reason being that more than 50% of the proven oil resources are trapped in these rocks
[1]. Unfortunately, the average oil recovery from these carbonate reservoirs is less than
30% worldwide, which is very small compared to the sandstone reservoirs [2]. This has
been mainly attributed to the structural heterogeneity in the porous media, natural
fractures, and low water wetness.
Historically, waterflooding is often a cheap and commonly applied secondary recovery
technique, with the aim of maintaining reservoir pressure, and driving of oil into the
producing wells but it is not very effective due to microscopic oil trapping and
macroscopic bypassing [3]. Recent laboratory studies have aimed at improving this oil
recovery by attempting to understand the oil/brine/rock interactions that can alter the rock
wettability. This has been done by injecting brines with tuned salinities and selected ionic
compositions in both sandstone and carbonate reservoirs. Brine, which has been designed
with a composition and salinity that supports maximum oil recovery is conventionally
known as “smart water”.
2From studies available in the literature, smart water can be designed and optimized
both with regard to salinity and specific ionic compositions. Until just recently, one set of
studies carried out mainly on chalk reservoirs believe that seawater rather than any kind
of water will help in recovering additional oil from carbonate reservoirs. They have
indicated that calcium ion (Ca2+), magnesium ion (Mg2+), and sulfate ion (SO42-) present
in seawater are the responsible ions for the improved oil recovery through wettability
alteration. Contrary to this, brines with low salinity have also been identified as another
type of smart water. The brine is prepared by reducing the salinity of the seawater by
dilution up to a maximum of 5000 ppm [4]. Usage of the low saline brines has proven to
be an effective improved oil recovery (IOR) technique in the laboratory and field for
sandstone reservoirs. Research into its application for carbonate reservoirs was triggered
by the recent findings of Yousef et al. [5], wherein they reported 18 - 19% tertiary oil
recovery from coreflood experiments as a result of stepwise dilution of seawater. The
improved oil recovery was attributed to the alteration of the rock wettability towards a
more water-wet state. Even though studies on improving oil recovery by modification of
the chemistry of the injected brine is currently on the increase as apparent from the
growing number of related publications, the underlying mechanisms responsible for the
improved oil recovery is still a subject of debate as many questions remain unanswered.
31.1 Objective
The main objective of this thesis is to experimentally investigate the interactions between
Ca2+, Mg2+, SO42-, and Cl- which are present in the Arabian Gulf seawater with crushed
Arab-D reservoir rock from Saudi Arabian carbonate reservoirs in the presence and
absence of crude oil from the same reservoir. This objective was designed with a view to
identify the optimum parameters of the seawater that will trigger the
adsorption/desorption of these ions, which may eventually trigger wettability alteration.
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LITERATURE REVIEW
2.1 Carbonates
Carbonates are sedimentary rocks composed primarily of calcium carbonate, CaCO3.
Two major types of carbonates are Limestone (CaCO3), and Dolostone, which is
composed of the mineral dolomite (CaMg(CO3)2). Chalk is a special type of carbonate
rock. Carbonates generally form by precipitation of bicarbonate from marine muds, or
accumulation of debris (grains of limestone, shells, etc.) [6]. It is estimated that almost
two-thirds of the world’s remaining oil reserves are contained in carbonate reservoirs [7].
Ghawar field, Saudi Arabia, and South Pars/North Dome field, Iran and Qatar are the
world’s largest oil and gas fields respectively and they are composed of carbonate rocks
[8, 9].
2.1.1 Limestone
Limestone is a sedimentary rock composed primarily of calcium carbonate (CaCO3) in
the form of the mineral calcite. It most commonly forms in clear, warm, shallow marine
waters. It is usually an organic sedimentary rock that forms from the accumulation of
5shell, coral, algal and fecal debris [10]. Some limestones can form by direct precipitation
of calcium carbonate from marine or fresh water. Limestones formed this way are
chemical sedimentary rocks. They are thought to be less abundant than biological
limestones.
2.1.2 Dolomites
Dolomite is a carbonate mineral composed of calcium magnesium carbonate
CaMg(CO3)2. They are originally deposited as calcite/aragonite and transformed to
dolomite during diagenesis in a process known as dolomitization.
2.1.3 Chalk
Chalk is a special case of carbonates. It is a soft, white, porous sedimentary rock
composed of the mineral calcite (CaCO3) with minor amounts of silt and clay. It is
formed by the stacking of small single-cell algae called coccoliths [6]. The porosity of
chalk is high, but the permeability in this carbonate is low or very low (about 1 mD),
which is caused by the small pores, in the range of 0.2 to 2 microns [6].
2.2 Wettability of Carbonate Reservoirs
The reservoir rock wettability is an important property determining the success of
waterflooding, because it influences greatly the location, flow and distribution of the
fluids in the reservoir [11]. It is acknowledged that wettability is among the major factors
which affect residual oil saturation, capillary pressures, electrical properties, relative
permeabilities, and oil recovery.
6In contrast to sandstone reservoirs, literature data indicate that about 80-90% of the
world’s carbonate reservoirs show a negative capillary pressure, that is, they are
preferentially oil-wet [12]. This wetting state is as a result of adsorption of polar
components from the crude oil onto the originally strong water-wet mineral surface [13].
Dubey et al. [14] explained that during the oil accumulation process in a reservoir, the oil
and the mineral surfaces is separated by a water film whose thickness is determined by a
balance of forces acting on it. These forces consequently result into a disjoining pressure,
which resists thinning of the water film. A negative disjoining pressure will attract the
two surfaces [15]. The Electrical or Zeta potential of the crude-oil/brine interface and the
rock/brine interface is the most important factor in the stability of the water film. The
crude oil- water interface is negatively charged as a result of dissociation of carboxylic
material, while the rock-water interface is positively charged because of the high
concentration of Ca2+ present in the initial brine [16]. These opposite charges will result
into an attractive electrostatic force between the two interfaces, which will continuously
thin the water film until it collapses, resulting into direct contact of the oil with the
carbonate rock surface. The carboxylic group in the crude oil will then form strong bonds
to the positively charged sites on the carbonate surface, thus making the water wetness to
decrease as the amount of carboxylic material in the crude oil increases [16]. This
carboxylic material can be quantified as an Acid number (AN), which is expressed in mg
of KOH/g. The low oil recovery attributed to this low water wetness served as an impetus
for research into how to increase the water wetness of our carbonate rocks.
72.2.1 Wettability Alteration in Carbonate Reservoirs
Two main approaches are used for wettability alteration in originally oil-wet carbonate
rocks.
The first approach involves chemical treatment by surfactant flooding, altering the
wettability from oil-wet to intermediate or to a more water-wet state, by solubilizing
adsorbed hydrophobic components, thereby enhancing imbibition [17]. Though the
mechanism of wettability alteration has not been fully understood, it has been generally
reported that oil recovery has been increased by usage of these surfactants, some have
even reported up to 60 to 70% recovery based on laboratory experiments [18, 19].
Although the surfactants have proven to increase the recovery, their application on
reservoir scale is hampered by their high prices, and their instability under harsh
conditions like high temperature and high salinity .Each reservoir usually requires a
particular surfactant, for which specific production may not be advantageous for the
chemical industry.
The second approach involves the injection of brines with compositions and salinities that
can increase the water wetness of carbonate rocks. Smart water flooding is an emerging
improved/enhanced oil recovery method that has attracted the attention of the petroleum
industry. It has demonstrated the capability to alter the wettability of reservoir rocks
advantageously. Smart water flooding has several advantages compared to other
Enhanced Oil Recovery (EOR) methods which are highlighted below [20]:
8 It can achieve higher ultimate oil recovery with minimal investment in current
operations, assuming that a water-flooding infrastructure is already in place.
 Unlike conventional EOR, it can be applied during the early life cycle of the
reservoir
 The payback is faster, even with small incremental oil recovery.
In spite of the large body of experimental evidence available on smart water flooding, it
can be said that it is still in the R&D stage, as there are still many uncertainties and many
questions which remain unanswered with regards to the mechanisms leading to the
additional oil recovery.
2.3 Carbonate Rock/Brine interactions
2.3.1 Impacts of Ca2+, Mg2+, and SO42- in seawater on improved oil recovery
in Chalk
Seawater has been identified as being able to increase the water wetness of carbonate
reservoirs. Much of that body of research has been conducted through spontaneous
imbibition studies on outcrop chalk cores at the University of Stavenger. Their laboratory
studies showed that seawater acted as a wettability modifier towards weakly water-wet
chalk, especially at high temperature [12, 22, 23]. This has been attributed to the presence
of Ca2+, Mg2+, and SO42- ions in seawater. These three divalent ions which are naturally
present in seawater have  been identified as important ions in changing the surface charge
of chalk and are more effective when present in favourable ratios. Ca2+, Mg2+, and SO42-
have been confirmed as potential determining ions of the chalk carbonate  surface, as
9they were able  to change  the zeta  potential of chalk drastically (figures 1 and 2)
[16,24,25].
Figure 1: Zeta potential measurements on an aqueous chalk suspension system by adding
Sulfate and Calcium ions [24]
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Figure 2: Zeta potential measurements on an aqueous chalk suspension system by adding
Magnesium ion [25]
Through spontaneous imbibition experiments, oil recovery improved by increasing the
sulfate ion concentration in the imbibing fluid, and the efficiency of the wettability
alteration process in the presence of sulfate increased as the temperature increased due to
increase in adsorption of SO42-. Increased oil recovery was also observed with increasing
concentration of Ca2+ in the brine but this impact was less significant as the concentration
of sulfate ion in the imbibing fluid decreased [26]. Some of the experimental facts
obtained by Austad and co-workers have been summarized by Zhang et al. [25] as
follows;
 The adsorption of SO42- onto the chalk surface increases as the temperature increases.
 Co-adsorption of Ca2+ onto the chalk surface increases as the adsorption of SO42-
increases.
 At high temperature, Mg2+ substitutes Ca2+ at the chalk surface, and the degree of
substitution increases as the temperature increases.
 Adsorption of SO42- onto the chalk surface will increase the concentration of Mg2+
close to the surface.
 Spontaneous imbibition of water into weakly-water wet chalk increases as the
concentration of SO42-, Ca2+ and Mg2+ in the imbibing fluid increases.
 Neither Ca2+ nor Mg2+ will increase spontaneous imbibition of water without the
presence of SO42- in the imbibing fluid, and SO42- is inactive without the presence of
either Ca2+ or Mg2+.
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 Ca2+ is able to modify the wetting conditions both at low and high temperature but
Mg2+ is only active at high temperatures.
The chemical mechanism proposed for wettability alteration involves initially the
adsorption of sulfate onto the positively charged chalk surface which will lower the
positive charge. Due to less electrostatic repulsion, more Ca2+ can adsorb onto the chalk
surface, and this will facilitate some desorption/displacement of the carboxylic material
from the surface as illustrated by reaction (1) [27] below;
RCOO--CaCO3(s) + Ca2+ + SO42- RCOOCa+ +  CaCO3(s) + SO42- (1)
At high temperature, Mg2+ is able to substitute/displace Ca2+ linked to the carboxylic
groups on the chalk surface, and this degree of substitution increased as the temperature
increased because Mg2+ becomes more reactive because of dehydration. The
displacement reaction is illustrated by reaction (2) [27] below;
RCOO--CaCO3(s) + Mg2+ + SO42- MgCO3(s) + RCOOCa+ + SO42- (2)
The role of SO42- in the two reactions is to act as catalyst. The suggested surface
charge alteration mechanism is presented in Figure 3 below;
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Figure 3: Schematic model of the suggested mechanism for the wettability alteration
induced by seawater. (A) Proposed mechanism when Ca2+ and SO42− are active
at lower and high temperature. (B) Proposed mechanism when Mg2+and SO42−
are active at higher temperatures [27]
This surface charge alteration mechanism proposed by Austad and Co-workers [25, 27]
was challenged by Hiorth et al. [28] who investigated how water chemistry affects
surface charge and rock dissolution in a pure calcium carbonate rock similar to the Stevns
Klint chalk. They constructed and applied a chemical model that couples bulk aqueous
and surface chemistry and also addresses mineral precipitation and dissolution. They
observed that the surface potential changes are not able to explain the observed changes
in oil recovery caused by seawater imbibitions or temperature but the
precipitation/dissolution model was able to. As a result, mineral dissolution was proposed
as the wettability alteration controlling factor.
Ferno et al. [29] casted  some doubt on the wettability alteration  effect of  sulfate  ion on
chalk by investigating the effect of increased sulfate concentrations in imbibing fluids at
130°C using different outcrop chalks from three different quarries. They observed
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increased oil recovery in only one chalk type, indicating the dependence of the sulfate
effect on the chalk type. Mineral depositions and compositional differences are the key
features believed to be responsible.
Despite all the large body of experimental work proving that the improved oil recovery
from chalk was as a result of wettability alteration, Zahid et al. [30] questioned the
proposed chemical mechanism after flooding completely water-wet chalk cores with
brines with different sulfate concentrations. Surprisingly, oil recovery was improved with
the cores at this strongly water wet conditions, indicating that there are other factors apart
from wettability alteration that contribute to increased oil recovery. The recovery
increased as the sulfate concentration and temperature increased. Other factors suggested
are oil composition and temperature.
2.3.2 Impacts of Ca2+, Mg2+, and SO42- in seawater on improved oil recovery
in Limestone
Probably due to different biological origin, limestone is believed to have a less reactive
surface to chalk [1]. Strand et al. [1] performed similar experimental studies to that of
chalk and concluded that a reservoir limestone rock reacts chemically in the same way as
chalk towards the potential determining ions, although the reactivity was lower than for
chalk. 15% higher recovery was obtained with seawater containing SO42-compared to
seawater without SO42-, indicating that the relative interaction between Ca2+and Mg2+
towards the limestone is dictated by the presence of SO42-.
Further studies on limestone and dolomite have also demonstrated the important role of
SO42- in the wettability modification process [31, 32]. Gupta et al. [31] obtained
14
incremental oil recoveries over formation waterflood recoveries of 5-9% using seawater
containing 4 times sulfate ions (4 × SO42-) via coreflood experiments on dolomite and
limestone cores, while Ligthelm et al. [32] obtained higher recoveries on a micro-
crystalline limestone by increasing sulfate concentration in spontaneously imbibing brine.
Other salts like borate and phosphate are also able to give additional recovery even better
than sulfate ions [31]. Adding borate and phosphate salts individually into the seawater
(without sulfate) gave 15% and 20% OOIP incremental recovery respectively on
limestone cores. Contrary to the findings of Strand et al. [1], Gupta et.al. [31] reported an
additional 11.4% OOIP oil recovery when softened water (formation water with Ca2+ and
Mg2+ selectively removed) was flooded into a limestone core. They have cited rock
dissolution and surface ion exchange as the mechanisms responsible for the wettability
alteration process.
2.3.3 Impacts of NaCl in seawater on improved oil recovery in Chalk and
Limestone
The impact of non-active salt like NaCl which is abundantly present  in seawater on oil
recovery from chalk and limestone has been investigated, revealing that seawater
depleted in NaCl appears to be a better wettability modifier [33-35]. Spontaneous
imbibition experiments on chalk cores showed that seawater depleted in NaCl increased
oil recovery by 10% OOIP [33], while a further increase of 5 to 18% OOIP was obtained
when the NaCl depleted seawater was spiked with sulfate ion [34]. Shariatpanahi et al.
[35] also confirmed experimentally similar effect of NaCl on limestone after recovering
additional 13% OOIP from limestone cores by imbibing seawater depleted in NaCl. Both
Na+ and Cl- are not regarded as potential determining ions towards the chalk surface, and
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so are not part of the inner stern layer [33]. The presence of high concentrations of NaCl
indicates that a lot of Na+ and Cl- will be present in the double layer thus decreasing the
ability of the active ions Ca2+, Mg2+, and SO42- to come in contact with the positively
charged carbonate surface to release the carboxylic material. A decrease in the non-active
ions in the ionic double layer will therefore allow better access of the active ions to the
carbonate surface. These ions will then interact with the surface, improve the water
wetness and ultimately increase the oil recovery. This confirmed that not only is the
concentration of the active ions Ca2+, Mg2+ and SO42- important for wettability alteration
to take place, but also the amount of non-active salt, such as NaCl, has an impact on the
wettability alteration process.
2.3.4   Impact of Low Saline Brines on Oil Recovery in Sandstones
Improvement of oil recovery from sandstone cores containing clays by low salinity
waterflooding was reported as far back as 1959, when Martin [36] observed increased
recovery of heavy oil through injection of fresh water into cores. Bernard [37] also
through core flooding experiments showed that a fresh floodwater will produce more oil
than a brine in sandstone cores containing hydratable clays. The increased oil recovery
was attributed to clay dispersion into fine particles, and consequent plugging of flow
channels and increase in pressure drop. Much attention was not paid to these discoveries
until in the 1990s. Numerous laboratory imbibition and coreflood experiments have
demonstrated the benefits of low saline brines in sandstone cores [4, 38-49]. Successful
field tests have also confirmed the existence of the low salinity effect (LSE) [50-55].
Although the mechanism is still a subject of debate, it is generally accepted that it is
caused by wettability alteration to a more favourable state.
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Berg et al. [56] provided direct experimental evidence with montmorillonite clay particles
that wettability modification of clay surfaces is the microscopic mechanism for low
salinity flooding ruling out other proposed mechanisms such as emulsification [51], pH-
induced in-situ surfactant generation and interfacial tension reduction [51], fines
migration [42], and selective plugging of water-bearing pores via clay swelling [44] as
the most relevant mechanisms. Other proposed mechanisms are multi-component ionic
exchange between the rock minerals and injected brine [51], expansion of electrical
double layers [32, 57], anhydrite cement dissolution [58, 59], and salting-in mechanism
[60].
Morrow and Buckley [4] listed significant clay fraction, presence of connate water and
mixed wet state of rock material as necessary conditions for low salinity effect (LSE) in
berea sandstone cores. However, LSE was not observed in some of the cases where these
conditions were met. For instance, Zekri et al. [61] flooded sandstone cores without clay
using low saline brines and observed significant improvement in the recovery, which
proves that low salinity flooding can be effective without the presence of clay. The
brine’s salinity is usually between 1,000-2,000 ppm but effects have been observed up to
5,000 ppm [62].
2.3.5 Impact of Low Saline Brines on Oil Recovery in Carbonates
Low saline brines were not expected to improve oil recovery from carbonate reservoirs
and so seldomly received attention. This is because the LSE has been attributed to the
presence of high clay content which is very minimal if present at all in carbonates [53].
However, scientific interest in this research area was stimulated by the recent research
work of Yousef et al. [5], in which they investigated the effect of injecting diluted
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seawater in Middle Eastern carbonate cores through coreflood experiments. They
reported 18 to 19% incremental recovery over conventional waterflooding as a result of
stepwise dilution of the seawater up to 20-times dilution, and they attributed the
improved oil recovery to the alteration of the rock wettability towards a more water-wet
state. Alotaibi et al. [63] also performed several wettability studies on Middle Eastern
limestone cores, using formation, aquifer and seawater synthetic brines, with
concentrations of 230,000 ppm, 5,436 ppm, and 54,680 ppm respectively. They showed
that seawater or formation water made calcium carbonate substrates oil-wet but it became
water -wet when aquifer or deionized water was used. They also obtained an additional
oil recovery of 8.6% from their coreflood experiments when aquifer water was injected
after formation brine. Romanuka et al. [64] through Amott spontaneous imbibition tests
observed increased oil recovery in limestone and dolostone cores by lowering the brine’s
ionic strength and attributed it to wettability change. Austad et al. [65] through
coreflooding experiments obtained tertiary low-salinity EOR effects through wettability
alteration in limestone cores and concluded that it is due to the presence of anhydrite. The
microscopic dissolution of anhydrite through NMR studies was also shown to
significantly enhance the connectivity between macropore and micropore systems [66].
Sulfate ion which is created from the dissolution of anhydrite is believed to be the
catalyst in the wettability alteration process [65, 66].
Zahid et al. [67] sequentially  flooded  various diluted seawater into reservoir carbonate
cores and  observed no low salinity effect at ambient temperature but significant increase
in oil recovery at 90°C were observed. The decrease in salinity at 90°C was observed to
increase pressure drop significantly, making fines migration and rock dissolution possible
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mechanisms of the low salinity flooding. Anhydrite dissolution was however ruled out as
a mechanism since no anhydrite was present in the rock.
Surface charge alteration is believed to be another wettability alteration approach [5, 68,
69], and so the impact of diluted seawater on carbonate rock surface charge was
investigated using the Zeta Potential (ZP) technique. Diluted seawater was found to alter
the carbonate rock surface charges to more negative state, which will trigger the release
of adsorbed carboxylic oil components from rock surface, improve the water wetness and
eventually improve/enhance oil recovery [66]. However, flooding of low saline brines
was not observed to improve oil recovery in chalk [64, 65, 67, 61], and was even reported
to have decreased the oil recovery drastically [34].The decrease in oil recovery is
attributed to the decrease in the concentration of the active ions which have been found to
be able to alter wettability in chalk.
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CHAPTER 3
EXPERIMENTAL METHODOLOGY
The complex nature of limestone rock necessitated a brief experimental study on reagent
grade precipitated calcium carbonate (PCC). This was done to help in acquiring a
fundamental understanding of the interactions of Ca2+, Mg2+, and SO42- with the
carbonate surface. The study on PCC served as a guideline for the experimental studies
that was carried out on reservoir limestone rock.
3.1 Materials
3.1.1 Limestone sample
Eight limestone core plugs obtained from a Saudi-Arabian carbonate reservoir were
crushed to about 10 mm and then subjected to a soxhlet extraction involving toluene
followed by methanol until clear/transparent effluent solution was detected. This was
necessary in order to extract the crude oil, and clean the crushed sample of water and any
form of salt. It was cleaned for a total of 22 hours. The sample free of organic impurities
was dried in a laboratory oven at 60°C for 16 hours. It was thereafter ground to minus
100 m by an automatic mortar-pestle system. Mineralogical and petrophysical
properties of the limestone powder were then determined through X-Ray Diffraction
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(XRD), X-Ray Fluorescence (XRF), and Scanning Electron Microscope-Energy
Dispersive X-Ray (SEM-EDX) methods. Results of the characterization are presented in
Table 1 and Figure 4. A major limitation of the XRF technique is that it cannot detect
Oxygen. However, the elements detected by all techniques have to be normalized to
100%. This limitation must be responsible for the big variation in the percentage of
calcium ion in the XRF and SEM-EDX limestone analysis as can be seen in Table 1.
While the XRF technique takes into account the whole sample, the SEM-EDX technique
utilizes very small portions of the sample. XRD results (figure 4) revealed that the
limestone powder is composed of 25% calcite, 73 % dolomite and 2 % anhydrite. This
reflects that the rock samples are dolomitic limestone. Figure A1 in the appendix also
shows the SEM image of the limestone.
3.1.2 Precipitated Calcium carbonate (PCC) and other analytical grade
reagents
The PCC used in this study was purchased from Fluka. It is in the form of fine powder,
with purity greater than 99 %. Its chemical analysis as provided on the bottle label is
presented in Table 1. Other analytical grade reagents utilized for the brine preparations in
this study are listed in Table 2.
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Table 1: Chemical composition of carbonate samples used in this study
Uthmaniyah Arab-D limestone PCC
XRF SEM-EDX
Item Wt. % At. % Wt. %
Mg 1.05 3.29
Ca 97.29 31.25
Si 0.18 0.15
P 0.16
Fe 0.87 ≤0.005
S 0.46 0.35
C 12.44
O 52.48
SO4 ≤0.02
Cl ≤0.02
CaCO3 > 99
Table 2: Analytical grade reagents used in brine preparations
REAGENT MANUFACTURER
Na2SO4 (Anhydrous) Scharlau
CaSO4. H2O BDH Chemicals
NaHCO3 BDH Chemicals
Na2CO3 Merck
NaCl Panreac
MgCl2.6H2O Loba Chemie
CaCl2.2H2O Scharlau
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Figure 4: XRD pattern of Arab-D limestone powder
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3.1.3 Brines
All brines used for this study were synthetically prepared from analytical grade salts and
de-ionized (DI) water. The ultra-pure DI water utilized was produced with a Millipore
Milli-Q lab water system, and it had a conductivity of 0.055 μS.cm-1 (resistivity of 18.2
MΩ.cm) at 25°C.
For the limestone adsorption studies, 16 brines were utilized. The injection Arabian Gulf
seawater with a salinity of 57,600 ppm was initially prepared, after which 2 times dilution
was made. This twice diluted Arabian Gulf seawater was called 50% SW. Ionic
compositions of the injection sea water and the 50% SW are presented in Table 3. Sixteen
brine combinations were thus prepared by adjusting the ionic compositions of Ca2+,
Mg2+, SO42-, and Cl- of the 50% SW. The compositions of the 16 brines are given in
Table 4.
Table 3: Ionic Composition of injection Arabian Gulf seawater and 50% SW
Brine Compositions (ppm)
Ca2+ Mg2+ Na+ Cl- SO42- HCO3- TDS Ionic Strength(M)
Seawater 650 2110 18300 32200 4290 120 57670 1.1484
50% SW 325 1055 9150 16100 2145 60 28835 0.5742
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Table 4: Initial brine compositions
Brines
Ionic Concentrations (ppm)
Ca2+ Mg2+ Na+ Cl- SO42- HCO3- TDS IonicStrength(M)
Brine 1 325 1055 10764 17006 4290 60 33500 0.6667
Brine 2 650 1055 9644 17006 2145 60 30560 0.6140
Brine 3 650 1055 10391 17006 4290 60 33452 0.6749
Brine 4 325 1055 9737 17006 2145 60 30328 0.5997
Brine 5 325 2100 9243 17006 2145 60 30879 0.6750
Brine 6 650 2100 9150 17006 2145 60 31111 0.6892
Brine 7 325 2100 10271 17006 4290 60 34052 0.7420
Brine 8 650 2100 10177 17006 4290 60 34283 0.7562
Brine 9 325 1055 14918 25000 2145 60 43503 0.8251
Brine 10 650 1055 14825 25000 2145 60 43735 0.8394
Brine 11 325 1055 15946 25000 4290 60 46676 0.8921
Brine 12 650 1055 15852 25000 4290 60 46907 0.9063
Brine 13 650 2100 15359 25000 4290 60 47459 0.9816
Brine 14 325 2100 14424 25000 2145 60 44054 0.9004
Brine 15 650 2100 14331 25000 2145 60 44286 0.9146
Brine 16 325 2100 15452 25000 4290 60 47227 0.9674
3.1.4 Crude Oil
Crude oil (dead) from the same Saudi Arabian carbonate reservoir where the limestone
was obtained was used in this study. The oil was filtered through a 5μm filter paper with
a vacuum pump to remove any suspended particles and water. Before usage of the oil, it
was vacuumed overnight to remove light ends to minimize the possibility of gas
evolution during experiments at high temperatures.
25
3.2 Experimental Procedures and Equipments
3.2.1 Adsorption Experiments in the Absence of Crude Oil
Determination of Solid/Liquid (S/L) ratio: In order to eliminate the effects of S/L ratio,
an equilibrum S/L ratio was experimentally determined. This was conducted by
increasing the S/L ratio of PCC/sulfate brine up to 20% and measuring the adsorption of
SO42- from a 72 ppm (0.00075M) sulfate brine at different solids concentration. As
observed from the results presented in Figure 5, the adsorption density of sulfate ion onto
the PCC decreased rapidly with an increase in solid/liquid ratio up to about 4%.
Afterwards, the reduction in the adsorption density was very minimal, and it became
relatively constant at slightly above 5% solids concentration. All adsorption experiments
were thus conducted at S/L ratio of 6.7%, which is slightly above 5%.
Figure 5: Effect of Solid/Liquid ratio on sulfate ion adsorption onto PCC
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Determination of Equilibrum Time: The minimum conditioning time required for the
samples to reach equilibrum in the absence of crude oil was experimentally determined.
The equilibrum time (conditioning time) was experimentally verified by conditioning
several limestone samples in Arabian Gulf seawater with S/L ratio of 6.7% (2g of
limestone in 30 ml seawater) at 25°C and 90°C for different times, up to a maximum of
24 hours. The samples were then analyzed for the desired ions. Although, the maximum
time required for the samples to reach equilibrum was determined to be around 8.3 hours
(Figure 6a), the samples were conditioned for 24 hours using a wrist-arm shaker at 25°C
and shaking hot water bath at 90°C, and then left for at least another 24 hours without
shaking at the same conditioning temperature to be very certain equilibrum has been
achieved. This was necessary in order eliminate time-dependent errors in all adsorption
experiments.
Samples Preparation: The following steps were taken in preparing the samples for
adsorption experiments on PCC and Limestone in the absence of crude oil:
1. 2g of solid (PCC or limestone) was weighed and carefully transferred into 40 ml
glass screw-cap vials containing 30ml of synthetic brine of known ionic
concentrations. The brines used for the limestone adsorption experiments are the 16
synthetically prepared brines presented in Table 4, while clean brines (brines
containing only one ion) of varying SO42-, Ca2+, and Mg2+ concentrations were
utilized for adsorption studies on PCC.
2. The vials were teflon sealed and properly capped to avoid contamination and prevent
any form of leakage especially at elevated temperatures.
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3. The Teflon sealed screw-cap vials containing the samples were conditioned at the
desired temperature for 24 hours and left for at least another 24 hours at the same
temperature to ensure that the samples have reached equilibrum. Conditioning of the
samples at 25°C was done with a multi-wrist arm shaker, while those at 90°C was
conducted in a shaking hot-water bath.
4. Following equilibration, the supernatant brines were carefully extracted with a 10 ml
syringe and filtered through a 0.45 micron membrane syringe filter into properly
labelled clean glass vials.
5. The supernatant brines, along with their initial brines were then analysed for ionic
concentrations of Ca2+, Mg2+, SO42-, and Cl-
3.2.2 Adsorption Experiments in the Presence of Crude Oil
Determination of Equilibrum Time: The minimum conditioning time required for the
samples to reach equilibrum in the presence of crude oil was experimentally verified by
conditioning several limestone samples of 2g in glass vials containing 15 ml of seawater
and 15 ml of crude oil for several hours. The samples were then analyzed for the desired
ions. Even though the maximum time required for the samples to reach equilibrum was
determined to be around 12 hours (Figure 6d), the samples were conditioned for 24 hours,
and then left for at least another 24 hours at the same conditioning temperature without
shaking to be very certain equilibrum has been achieved.
28
Figure 6: Equilibrum time for adsorption of ions onto limestone
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Samples Preparation: The following steps were taken in preparing the samples for
adsorption experiments on limestone in the presence of crude oil:
1. 2g of limestone powder was weighed and carefully transferred into 40 ml glass
screw-cap vials containing 15 ml of synthetic brine of known ionic concentrations
and 15 ml of crude oil.
2. The vials were teflon sealed and properly capped to avoid contamination and prevent
any form of leakage especially at elevated temperatures.
3. The Teflon sealed screw-cap vials containing the samples were conditioned at 25°C
and 90°C for 24 hours, and left for at least another 24 hours at the same temperature
to ensure equilibration.
6. Following equilibration, crude oil was carefully pipetted with an automatic 5 ml
pipette, while the supernatant brines were carefully extracted with a 10 ml syringe
and filtered through a 0.45 micron membrane syringe filter into properly labelled
clean glass vials.
4. The supernatant brines, along with their initial brines were then analyzed for ionic
concentrations of Ca2+, Mg2+, SO42-, and Cl-.
3.2.3 Chemical Analysis of Brines
The ionic concentrations of Ca2+, and Mg2+ in brines were analyzed by an Inductive
Coupled Plasma (ICP-OES), model Spectro Ciros Vision, manufactured by Spectro,
Germany, and an Atomic Absorption Spectrophotometer (AAS), while SO42- and Cl-
were analyzed by an Ion-Exchange Chromatograph, ICS-3000, produced by Dionex
corporation, Sunnyvale, CA.
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The ICP-OES is a type of emission spectroscopy that uses the inductively coupled plasma
to produce excited atoms and ions that emit electromagnetic radiation at wavelengths
characteristic of a particular element. The intensity of this emission is indicative of the
concentration of the element within the sample. The AAS utilizes the phenomenon that
ground state metals absorb light at particular wavelengths. Metal ions in a solution are
converted to atomic state by means of a flame. Light of the appropriate wavelength is
supplied and the amount of light absorbed can be measured against a standard curve. The
ionic concentrations of the brines were very high, and so there was need to dilute the
samples in order to be within a suitable concentration range for both Ca2+ and Mg2+ of the
equipment. Therefore, the brines were diluted 100 times with deionized water, and
preserved by acidifying with 5% HNO3. 1% Lanthanum was also added to the final
dilution to overcome potential chemical interferences which may affect the accuracy of
the analysis.
The Ion Chromatograph (IC) measures concentrations of ions by separating them based
on their interaction with a resin. Sample solutions pass through a pressurized
chromatographic column where ions are absorbed by column constituents. As an ion
extraction liquid, known as eluent, runs through the column, the absorbed ions begin
separating from the column. Each ion is identified by its retention time within the
separation column. The sample ions are detected in the detector and the signals produced
are measured against standard calibration curves, for the ionic concentrations. The very
high concentrations of Cl- in the brines necessitated a 500 times dilution of our samples
with deionized water before analyzing.
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All diluted samples were kept in properly capped plastic tubes at room temperature for at
least 16 hours before analyzing. This was just a necessary precaution taken to ensure
homogeneity is achieved after dilution.
3.2.4 Adsorption density calculations
The adsorption densities of Ca2+, Mg2+, SO42-, and Cl- on our limestone and PCC samples
were calculated from the differences in concentrations of the ions between the initial and
equilibrated brine solutions. The equation for the adsorption density calculation is [70]
= ( ) (3)
Where;
Γ  = adsorption density ( mg/g or mol/g)
Ci = Initial brine concentration (mg/l or mol/l)
Ce = Residual brine concentration (mg/l or mol/l)
V = Volume of the initial solution (l)
m  = Mass of solid added(in g).
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3.2.5 Adsorption Results Analysis on Limestone
Studying the interactions of more than one ion in brine necessitated the statistical analysis
of our experimental adsorption results by the Analysis of Variance (ANOVA) method.
The ANOVA is an efficient statistical technique for analyzing the effect of categorical
factors on a response. It can be used to determine: (a) which factors have a significant
effect on the response, and/or (b) how much of the variability in the response variable is
attributable to each factor.
In this research, the effects of 4 factors, which are Ca2+, Mg2+, SO42-, and Cl- on
adsorption/desorption of these ions have been experimentally investigated. The 4 factors
in our ANOVA were labelled as factors A, B, C, and D respectively. Table 5 presents the
factors and concentration levels that have been used.
Table 5: Factors and levels used in adsorption ANOVA
Factors Ions Level 1 (ppm) Level 2 (ppm)
minimum maximum
A Ca2+ 325 650
B Mg2+ 1055 2100
C SO42- 2145 4290
D Cl- 17006 25000
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3.2.6 Zeta Potential Measurements
Alteration of surface charges is one of the proposed underlying mechanisms governing
wettability alteration in carbonates. The zeta potential (ZP) technique is one way of
measuring the surface charge of a particle dispersed in a liquid. In this research, zeta
potential (ZP) measurements have been conducted with the Zeta Potential Analyzer
(Zetapals) by Brookhaven Instruments Corporation, and the Zeta Meter 3.0. The Zetapals
instrument utilizes phase-analysis light-scattering technique for the determination of the
electrophoretic mobility (measure of speed) of charged colloidal suspensions and
calculates the zeta potential (in mV) with the Smoluchowsky and Huckel models. Since
all the measurements were in aqueous systems, the Smoluchowsky equation was used to
calculate the ZP. Equation 4 below shows the Smoluchowsky equation [21];
= 113000 × (4)
Where;
ZP = Zeta potential, millivolts (mV)
Vt = Viscosity of the suspending liquid in poises at temperature “t”
Dt = Dielectric constant of the suspending liquid at temperature
EM  =  Electrophoretic mobility at actual  temperature
The Zetapals is equipped with electrodes which consist of palladium mounted on a
machined support, a temperature sensor to measure the temperature near the sample and a
He-Ne laser which is used as a light source. The laser beam passes through the sample in
a cell which carries two electrodes that generates an electric field. Light is scattered by
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the particles in the cell and is Doppler shifted because the scattered particles are moving
in the electric field. The frequency of light scattered into the detector is Doppler shifted
by an amount proportional to the velocity of the particles. The Zeta meter 3.0 has a
microprocessor unit that calculates either time, EM or ZP, a microscope module with
which colloidal particles are viewed and tracked, and an electrophoresis cell that contains
the sample, and in which electrodes are inserted. A particle is tracked between two
traverses under an applied voltage, and then combines the tracking time with the tracking
voltage and the ocular micrometer tracking distance to compute the EM, which is then
converted into ZP with the Smoluchowsky equation.
Samples for ZP measurements on the Zetapals were conditioned for 2 days before
analyzing. For ZP measurements in seawater, the high conductance (due to high salt
concentration) of our modified seawater necessitated the need to condition the Zeta pals
electrode in 1M NaCl salt before taking each measurement. One or two drops of the
limestone-seawater suspension was diluted into about 2 ml of its initial brine in a
disposable polystyrene cuvette in order to reduce the particle number concentration. A
top is placed on the cuvette, and the suspension is then rocked back and forth several
times to ensure it becomes homogeneous. Before putting the sample into the equipment,
the capped cuvette is sonicated in an ultrasonic bath for at least 30 seconds, as this will
help dislodge any dust stuck to cell walls and cap. Inside the equipment, the sample is
allowed to equilibrate to the set temperature for a period of 5 minutes prior to beginning
of analysis. Due to the need to achieve good reproducibility, at least 4 measurements of a
single run each of 90 cycles were made, and then the average zeta potential obtained for
each sample. The sample was changed after each measurement to prevent degradation of
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sample. This measurement method (several measurements of 1 run of 90 cycles) was not
applied to brines with low salinities, whose ZP values were directly measured by making
several runs of shorter cycles depending on the ionic strength of the brine. Very good
reproducibilities were obtained for all ZP measurements.
For measurements on Zeta Meter 3.0., the carbonate powder-brine suspension was
conditioned for 2 hours at 23 ± 2oC. The samples were centrifuged for 3 min at 5000 rpm
to let particles settle. An aliquot taken from the supernatant and a small amount of sample
taken from the mineral bed were used to measure the zeta potentials. An average of ten
measurements was taken to represent the measured potential.
36
CHAPTER 4
RESULTS AND DISCUSSION
4.1 Experimental Results on Precipitated Calcium Carbonate (PCC)
4.1.1 Adsorption Results on PCC
4.1.1.1 Calcium ion adsorption onto PCC
CaCO3 is a slightly soluble salt, with its solubility highly pH and temperature dependent.
Products of the interaction of CaCO3 with water are Ca2+, CO32-, HCO3- and H2CO3. The
adsorption of Ca2+ onto PCC must be evaluated together with the solubility constants
(Ksp) and base dissociation constants (Kb) of all the involving reactions at the desired
temperature. The following chemical reactions and their equilibrum constants have been
considered in the adsorption data analysis;
CaCO3(s) Ca2+(aq)+  CO32-(aq); (5)
Ksp = 4.96 × 10-9M2 and 7.64 × 10-10M2 at 25°C and 90°C respectively
CO32-(aq) + H2O(aq) OH-(aq) + HCO3-(aq) ; (6)
Kb,1 = 2.25 × 10-4M and 1.45 × 10-6Mat 25°C and 90°C respectively
HCO3-(aq)+ H2O(aq) OH-(aq) + H2CO3(aq) ; (7)
Kb,2 = 2.13 × 10-8M and 7.21 × 10-3Mat 25°C and 90°C respectively
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H2O(aq)+ H2O(aq) H3O+(aq) + OH-(aq) ; (8)
Kw = 1.00 × 10-14M2 and 5.30 × 10-13M2 at 25°C and 90°C respectively
The equilibrum constants at 25°C were obtained from Huang et al. [71], while the
equations utilized in estimating them at 90°C have been obtained from different sources
[72-75], and described in the appendix.
The Ca2+ adsorption experimental data have been analyzed with the same method
described and utilized by Huang et al. [71]. The adsorbed Ca2+ concentration, [Ca2+]ads is
estimated from;
[Ca2+]ads =  [Ca2+]ini+  [Ca2+]diss - [Ca2+]eq (9)
Where;
[ ] = [ ] + ,[ ] [ ] + , ,[ ] [ ] (10)
Subscripts “ini”, “diss”, and “eq” represents initial, dissociation and equilibrum
respectively.
The Ca2+ adsorption experimental results are presented in Figure 7. It shows that
increasing the Ca2+ concentration in the brine resulted in an increase in the Ca2+ adsorbed
onto the PCC. This increase gradually stabilizes after a certain concentration.
Temperature also plays a key role in the adsorption of Ca2+, as an increase in the
temperature from 25°C to 90°C resulted into a significant increase in the Ca2+ adsorbed
onto the PCC. This result conforms with the experimental observations of Zhang et al.
[16].
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Figure 7: Adsorption isotherms of Ca2+ onto PCC at 25°C and 90°C.
4.1.1.2 Magnesium ion adsorption onto PCC
Magnesium ion is a dominant ion in most carbonate reservoirs because dolomite
CaMg(CO3)2 always accompanies calcite. Mg2+ has been found to be favourable to oil
recovery when adsorbed. As can be seen from Figure 8a, the experimental results on PCC
revealed that Mg2+ adsorption increases with increasing [Mg2+] in brine. It also shows
that Mg2+ adsorbs more strongly at 90°C than at 25°C. This is because Mg2+ becomes
more reactive as the temperature increases due to partial dehydration of the ion [1]. The
substitution of Ca2+ in the crystal lattice of chalk and limestone by Mg2+ occurs at high
temperature, and this degree of this substitution increases as the temperature increases [1,
25]. Interestingly, this experimental observation has also been confirmed by the results on
PCC, as presented in Figure 8b. The [Ca2+] in the supernatant MgCl2 brine is observed to
increase as the concentration of Mg2+ in the initial MgCl2 brine increased. This increase
became more significant at 90°C. The adsorption trend of Mg2+ in Figure 8a and the
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desorption trend of Ca2+ in Figure 8b helps in confirming a sort of substitution or
displacement reaction taking place. This substitution reaction (Equation 11) between
Mg2+ and Ca2+ at the PCC surface is very slow at 25°C but increases significantly at
90°C. It is a reaction that has been found to increase the water wetness of carbonate
reservoirs. This finding is in line with previous findings on chalk and limestone [1, 25].
CaCO3+ Mg2+ MgCO3+ Ca2+ (11)
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Figure 8a: Adsorption isotherms of Mg2+ onto PCC at 25°C and 90°C.
Figure 8b: Desorption of Ca2+ in PCC-Mg2+ brine interactions at 25°C and 90°C.
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4.1.1.3 Sulfate ion adsorption onto PCC
Figure 9 presents adsorption results of sulfate ion onto PCC at 25°C and 90°C. The
results show that the adsorption of sulfate ion increases as the concentration of sulfate ion
in brine is increased. Sulfate ion adsorption however decreased with an increase in
temperature. This is against the findings in chalk that sulfate ion adsorption increases
with an increase in temperature [12, 24, 25, and 76]. The ionic interaction of Ca2+ and
SO42- in brine could lead to precipitation of CaSO4 at temperatures >100°C or 130°C [16,
25, 77]. However, slight precipitations of CaSO4 were observed in our samples at 90°C,
which might be a factor in the scattering of the experimental data points at 90°C. A
limitation of the data analysis was the inability to estimate the sulfate ionic
concentrations coming into solution from the PCC at the different sulfate brine
concentrations, which might have affected the accuracy of the adsorption data.
Figure 9: Adsorption isotherms of SO42- onto PCC at 25°C and 90°C.
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4.1.2 Zeta Potential Results on PCC
4.1.2.1 Iso-Electric Point (IEP) of PCC
The electrokinetic properties of CaCO3 in aqueous media has been widely studied but
with varying results. Much of this variation is due to the complex behaviour of calcite
under different conditions. CaCO3 dissolves in water to produce the following chemical
species which are in equilibrum: Ca2+, H+, HCO3-, CO32-, OH-, and H2CO3. The
electrokinetic potential of the calcite surface will depend on the redistribution of these
chemical ionic species between the surface and solution resulting into the formation of
either positive or negative charges [78]. Many authors agree that the potential-
determining ions of the calcite surface are Ca2+, CO32-, HCO3-, H+, OH-. The potential
determining role of H+, and OH- infers that the surface charge of calcite, like many other
solids is pH dependent. The pH, at which the surface is electrically neutral, pHPZC, is
known as the point of zero charge (PZC). Electrokinetic properties of solids are studied
by making zeta potential measurements, and therefore the pH at which the zeta potential
is zero, pHIEP , is defined as  the isoelectric point (IEP). Although, these two terms (PZC
and IEP) are often used interchangeably, they are actually different. The IEP is used to
represent the zero point of charge in systems in which ions other than the lattice ions of
the solid get adsorbed onto the solid, while the PZC represents the zero point of charge in
the absence of specific ionic adsorption from solution onto the solid(other than the
crystal’s lattice ions) [79]. In the present system, the PZC and IEP are equal since we
have studied the electrokinetic properties of PCC in deionized water.
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Figure 10 illustrates the zeta potential profile of PCC as a function of pH. An IEP value
of 6.45 is obtained at equilibrum. This value is in agreement with the literature value
range of 4 to 10.8 for calcite [80]. Generally, when the pH is higher than the IEP, an
excess concentration of negative species (CO32-, HCO3-) will predominate at the
interface, and the surface will be negatively charged. Similarly, a lower pH than the IEP
will favour an excess concentration of positive species (Ca2+) at the interface, which will
result into the surface being positively charged.
Figure 10: Zeta Potential profile of PCC as a function of pH at 25°C.
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4.1.2.2 Impact of Sulfate, Calcium, and Magnesium ions on the Zeta Potential of
PCC
In addition to Ca2+, which is part of  the crystal lattice of CaCO3, Mg2+,and SO42- have
also been identified as potential determining ions of CaCO3 [16, 25, 81, 82]. The present
study has been able to confirm the potential determining status of these ions on PCC, as
presented in Figure 11. Figures 11a, 11b and 11c show that the value of the zeta potential
of PCC increases when Ca2+ or Mg2+ concentrations are increased in brine, while it
decreases when SO42- concentration is increased in brine. Similar effects of these ions on
the surface charge of CaCO3were also observed on chalk [16, 25].
Figure 11: Impact of Ca2+, Mg2+, and SO42- on the zeta potential of PCC
11a: Impact of Ca2+ on the surface charge of PCC 11b:  Impact of Mg2+ on the surface charge of PCC
11C:   Impact of SO42- on the surface charge of PCC
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4.1.2.3 Impact of Temperature on the Zeta Potential of PCC
Reservoir temperatures are usually higher than 25°C, and so the impact of temperature on
the zeta potential of PCC was investigated. Zeta potential results of PCC at 25°C and
90°C are presented in Figure 12. Results indicate that the zeta potential of PCC decreases
with an increase in temperature. This is expected because an increase in temperature will
increase the solubility of Ca2+, and so more Ca2+ will leave the carbonate crystal lattice
and come into solution [69], hence reducing the positivity of the surface charge of the
PCC. This observation is consistent with the previous findings of Alotaibi et al. [69],
Yousef et al. [66], and Rodriguez and Araujo [83].
Figure 12: Effect of temperature on the zeta potential of PCC
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4.2 Experimental Results on Limestone
As explained in section 3.2, all adsorption studies on limestone have been conducted in
modified seawater at 25°C and 90°C, and the results have been statistically analyzed by
the analysis of variance (ANOVA) technique. The statistical analysis has been done with
the raw experimental adsorption data for limestone presented in Tables A1 to A4 in the
appendix. The results of the statistical analysis are presented in form of adsorption
response graphs. The interpretation of the response graphs is for the purpose of selecting
the best levels for significant factors. The plots depict the average value for the outcome
being measured for the corresponding factor at a particular level setting. The graphs are
presented first by main effect and the interaction effects. Interactions take precedence
over a single effect taken alone because it represents the combined effects of two factors.
However, both the interactions and main effects are utilized in the interpretation of the
results. Zeta potential results of limestone in seawater are also presented. Table 6 presents
all factors and their respective ionic concentrations considered in the ANOVA .
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Table 6: Ionic concentrations  of all factors considered in ANOVA
Ionic   Concentrations (ppm)
Factors Ca2+ Mg2+ SO42- Cl-
A1 325
A2 650
B1 1055
B2 2100
C1 2145
C2 4290
D1 17006
D2 25000
A1-B1 325 1055
A1-B2 325 2100
A2-B1 650 1055
A2-B2 650 2100
A1-C1 325 2145
A1-C2 325 4290
A2-C1 650 2145
A2-C2 650 4290
A1-D1 325 17006
A1-D2 325 25000
A2-D1 650 17006
A2-D2 650 25000
B1-C1 1055 2145
B1-C2 1055 4290
B2-C1 2100 2145
B2-C2 2100 4290
B1-D1 1055 17006
B1-D2 1055 25000
B2-D1 2100 17006
B2-D2 2100 25000
C1-D1 2145 17006
C1-D2 2145 25000
C2-D1 4290 17006
C2-D2 4290 25000
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4.2.1   Static Adsorption studies on Limestone 
4.2.1.1   Adsorption of Ca2+, Mg2+, SO42-, and Cl- on Limestone in the absence of 
crude oil at 25°C 
Figures 13 to 20 present the adsorption response graphs of parametric study conducted 
using limestone rock samples in the absence of crude oil at 25°C. 
Calcium Ion Interactions  
Rather than seeing adsorption, all levels of interaction between Ca2+, Mg2+, SO42-, and Cl- 
in seawater showed desorption of calcium ion from the limestone surface (Figures 13 and 
14). This can be due to the mineral dissolution of calcite, anhydrite and dolomite from the 
limestone sample. Main effect results of Ca2+ present in seawater on the adsorption of 
Ca2+ onto the limestone rock sample is presented in Figure 13. It shows that decreasing 
the concentrations of either calcium or sulfate ions in seawater will increase the calcium 
ion desorption from the limestone surface. In other words, increasing calcium and sulfate 
ion concentrations could trigger adsorption of calcium ion. Conversely, increase of either 
magnesium or chloride ions (or simultaneously) in seawater will inhibit Ca2+ adsorption. 
Figure 14 shows that interactions of A2 with B1, and A2 with D1 shows the least 
desorption of calcium ion from the limestone surface, which means that in order to 
trigger adsorption of calcium ion, it is required to increase the concentration of calcium 
ion in Arabian Gulf seawater, while decreasing magnesium or chloride ion concentrations 
or both. 
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Figure 13:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Ca2+ by 
limestone at 25°C in the absence of crude-oil 
 
13a:  Effect of [Ca2+] in seawater on adsorption of   
Ca2+ by the limestone surface 
13b: Effect of [Mg2+] in seawater on adsorption of Ca2+ 
by the limestone surface 
13c: Effect of [SO42-] in seawater on adsorption of   
Ca2+ by the limestone surface 
13d: Effect of [Cl-] in seawater on adsorption of Ca2+ 
by the limestone surface 
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Figure 14:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Ca2+ by limestone at 25°C in the absence of crude-oil 
 
 
14a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Ca2+ by the limestone surface 
14b:Combined effect of [Ca2+] & [SO42-] in seawater  
on adsorption of Ca2+ by the limestone surface 
14c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
14d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
14e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
14f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
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Magnesium Ion Interactions  
Figure 15 shows the main effect results of Mg2+ present in seawater on the adsorption of 
Ca2+ onto the limestone rock sample. It can be observed from this figure that decreasing 
the concentrations of Ca2+, Mg2+, and Cl- ions resulted into adsorption of magnesium ion 
onto the limestone surface, with sulfate ion showing opposite effect. Chloride ion seems 
to be very influential on magnesium adsorption as Figure 15d shows that the highest 
adsorption and desorption of magnesium ion is obtained at low and high chloride ion 
concentrations respectively. Two-way interactions presented in Figure 16 indicates that 
all interactions that occurred at the lower level of calcium, magnesium, and chloride  ions 
(A1-B1, A1-B2, A2-B1, A1-C1, A1-C2, A1-D1, A1-D2, B1-C1, B1-C2, and B1-D1, A2-
D1, B2-D1, C1-D1, and C2-D1) amazingly resulted into  adsorption of magnesium ions. 
Interestingly, the highest adsorption and desorption was obtained from interactions C2-
D1 (Figure 16f), and A2-D2 (Figure 16c). This confirms again that reducing chloride ion 
concentration in seawater seems to be the optimum way to trigger Mg2+ adsorption onto 
limestone at 25°C, in the absence of crude oil. Decreasing calcium ion concentration in 
seawater will also enhance magnesium ion adsorption. 
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Figure 15:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Mg2+ by 
limestone at 25°C in the absence of crude-oil 
 
15a:  Effect of [Ca2+] in seawater on adsorption of   
Mg2+ by the limestone surface 
15b: Effect of [Mg2+] in seawater on adsorption of Mg2+ 
by the limestone surface 
15c: Effect of [SO42-] in seawater on adsorption of   
Mg2+ by the limestone surface 
15d: Effect of [Cl-] in seawater on adsorption of Mg2+ 
by the limestone surface 
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Figure 16:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Mg2+ by limestone at 25°C in the absence of crude-oil 
 
 
     
16a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Mg2+ by the limestone surface 
16b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
16c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
16d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
16e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
16f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
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Sulfate Ion Interactions  
Figures 17 and 18 show the main effects and two-way interactions of Ca2+, Mg2+, SO42-, 
and Cl- concentrations in seawater on the adsorption of SO42- onto limestone respectively. 
It can be seen from these figures that all levels of interaction between Ca2+, Mg2+, SO42-, 
and Cl- in seawater showed desorption of SO42- from the limestone surface. This could be 
due to the mineral dissolution of anhydrite from the limestone sample. The main effect 
results (Figure 17) revealed that decreasing chloride, magnesium and calcium ions in 
seawater will increase sulfate ion desorption from limestone. Conversely, increasing 
sulfate ion concentration in seawater will result into decreasing desorption of sulfate ion 
and vice-versa. The highest and lowest desorptions are obtained with effects A1 and A2 
respectively, meaning that increasing calcium ion concentration can trigger sulfate ion 
adsorption at an optimum concentration. The two-factor interaction effects presented in 
Figure 18 indicates that interaction A2-B2 and A1-B2 yielded the lowest and highest 
levels of desorption of sulfate ion respectively. The facts that a high level of magnesium 
ion (B2) is involved in both interactions confirm that their effect on sulfate adsorption is 
actually due to the domineering effect of calcium ion. This calcium ion effect is also 
observed with all other interactions of A1 and A2. These interactions coupled with the 
main effects confirm that the most important and most effective ion in ensuring sulfate 
ion adsorption is the calcium ion. Decreasing Ca2+ concentration in seawater will 
seriously impede adsorption of SO42-   onto limestone at 25°C in the absence of crude oil. 
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Figure 17:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of SO42- 
by limestone at 25°C in the absence of crude-oil 
 
17a:  Effect of [Ca2+] in seawater on adsorption of   
SO42- by the limestone surface 
17b:  Effect of [Mg2+] in seawater on adsorption of   
SO42- by the limestone surface 
17c: Effect of [SO42-] in seawater on adsorption of   
SO42- by the limestone surface 
17d:   Effect of [Cl-] in seawater on adsorption of SO42- 
by the limestone surface 
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Figure 18:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of SO42- by limestone at 25°C in the absence of crude-oil 
 
          
18a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of SO42- by the limestone surface 
18b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
18c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
18d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
18e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
18f:Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
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Chloride Ion Interactions  
Figure 19 presents the main effects of Ca2+, Mg2+, SO42-, and Cl- concentrations in 
seawater on chloride ion adsorption. It is observed that decreasing the concentration of all 
ions in seawater will increase the amount of chloride ion desorption into solution and 
vice-versa. The chloride ion desorption can be attributed to the dissolution of halite or 
any other Cl- containing compound from the rock. Although Cl- was not detected by the 
XRD, SEM, and XRF characterization methods utilized for the rock analysis, it was 
observed that Cl- was coming into solution when the rock was conditioned in deionized 
water, thus confirming that Cl- is contained in the rock. It was probably not detected by 
the characterization methods as a result of its minute amount, which was below the 
detection limits of the characterization equipments. The highest desorption of chloride 
ion is obtained at low concentration of calcium ion, while the only adsorption of chloride 
ion onto the limestone rock surface is at high calcium ion concentration (Figure 19a). 
Increasing the chloride ion concentration in seawater is also seen to significantly reduce 
its desorption from the rock (Figure 19d). Two-way interactions of Ca2+, Mg2+, SO42-, and 
Cl- concentrations in seawater on chloride ion adsorption is presented in Figure 20. It 
shows that adsorption of chloride ions onto limestone is observed with interactions A2-
B2, A2-C2, A2-D2, B2-D2, and C2-D2. This means that increasing simultaneously the 
concentrations of calcium and magnesium ions, calcium and chloride ions, calcium and 
sulfate ions, magnesium and chloride ions, and sulfate and chloride ions in seawater will 
promote adsorption of chloride ions. The highest adsorption is however observed with 
interaction A2-B2 (high [Ca2+]-high [Mg2+]), with the lowest adsorption (highest 
desorption) being A1-D1 (low [Ca2+]-low [Cl-]) as can be seen in Figures 20a and 20c 
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respectively. It is also obvious from Figure 20 that all interactions involving low seawater 
concentrations of calcium and chloride show relatively high level of chloride ion 
desorption (Figures 20a, 20b, 20c, 20e, 20f). It can therefore be confirmed that increasing 
the concentrations of calcium ions followed by chloride ions in seawater are the optimum 
ways to enhance chloride ion adsorption onto limestone at 25°C in the absence of crude 
oil. 
 
Figure 19:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Cl- by 
limestone at 25°C in the absence of crude-oil 
19a: Effect of [Ca2+] in seawater on adsorption of Cl- by 
the limestone surface 
19b: Effect of [Mg2+] in seawater on adsorption of Cl- by 
the limestone surface 
19c: Effect of [SO42-] in seawater on adsorption of Cl- 
by the limestone surface 
19d: Effect of [Cl-] in seawater on adsorption of Cl- by 
the limestone surface 
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Figure 20:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Cl- by limestone at 25°C in the absence of crude-oil 
 
               
20a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Cl- by the limestone surface 
20b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Cl- by the limestone surface 
20c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
20d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Cl-  by the limestone surface 
20e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
20f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Cl-  by the limestone surface 
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4.2.1.2   Adsorption of Ca2+, Mg2+, SO42-, and Cl- on Limestone in the presence of 
crude oil at 25°C 
Calcium Ion Interactions  
Figures 21 and 22 present the main effects and two-way interactions of Ca2+, Mg2+, SO42-, 
and Cl- concentrations in seawater on the adsorption of Ca2+ onto limestone respectively 
in the presence of crude oil at 25°C. It can be seen from these figures that all levels of 
interaction between Ca2+, Mg2+, SO42-, and Cl- in seawater showed desorption of calcium 
ion from the limestone surface. The main effect results presented in Figure 21 showed 
that the highest desorption of calcium ion from the rock is obtained at low calcium ion 
concentration, while the lowest desorption is observed at high calcium ion concentration. 
It is also observed that all two-factor Interactions (Figure 22) involving A1 (A1-B1, A1-
B2, A1-C1, A1-C2, A1-D1, and A1 - D2) all showed relatively high desorption of 
calcium ion from the limestone surface, while those involving A2 (A2-B1, A2-B2, A2-
C1, A2-C2, A2-D1, A2-D2) yielded the lowest desorptions. It is interesting to see from 
Figure 22 that the highest and lowest desorptions of calcium ion are observed with 
interactions A1-D2, and A2-D2 respectively (Figure 22c). The presence of high chloride 
ion in these two peak interactions eliminates chloride effect, and confirms a domineering 
effect of calcium ion. All these calcium interactions support the main effect from Figure 
21 that decreasing the calcium ion concentration in seawater will significantly increase 
the amount of calcium ion that will desorb from the rock. Although, only desorption of 
calcium ion has been observed under the present conditions, it is obvious that in order to 
trigger any sort of calcium ion adsorption onto the limestone, the optimum way is to 
continually increase the calcium ion concentration in the injected seawater. 
 61 
 
 
Figure 21:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Ca2+ by 
limestone at 25°C in the presence of crude-oil 
 
21a:  Effect of [Ca2+] in seawater on adsorption of   
Ca2+ by the limestone surface 
21b: Effect of [Mg2+] in seawater on adsorption of Ca2+
by the limestone surface 
21c: Effect of [SO42-] in seawater on adsorption of   
Ca2+ by the limestone surface 
21d: Effect of [Cl-] in seawater on adsorption of Ca2+ 
by the limestone surface 
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Figure 22:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Ca2+ by limestone at 25°C in the presence of crude-oil 
 
      
22a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Ca2+ by the limestone surface 
22b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
22c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
22d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
22e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
22f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
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Magnesium Ion Interactions 
The main effects of Ca2+, Mg2+, SO42-, and Cl- concentrations in seawater on Mg2+ 
adsorption onto limestone is presented in Figure 23. This figure showed desorption of 
Mg2+ from the limestone rock at all levels of concentrations of all ions. This can be 
explained by dolomite dissolution from the rock. An increase in magnesium, sulfate and 
chloride ions in seawater significantly increased the desorption of magnesium ion, while 
calcium ion showed an opposite effect. From Figure 23c, the highest amount of 
desorption of magnesium ion was observed at high sulfate concentration (C2), while the 
lowest desorption was obtained at low sulfate concentration (C1). The two-factor 
interactions presented in Figure 24 indicates that adsorption of Mg2+ occurs from 
interactions A2-B1, A1-C1, B1-C1, B1-D1, and C1-D1, which shows the highest 
adsorption. The highest desorptions of magnesium ion was however observed from 
interactions A1-C2, and B2-C2. All the interactions and the main effects point to the 
significance of SO42- in Mg2+ adsorption, with Chloride ion also playing a major role. It 
can also be seen that the optimum way to enhance Mg2+ adsorption onto the limestone at 
25°C in the presence of crude oil is to reduce the concentrations of both SO42- and Cl- 
simultaneously in the injected seawater. 
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Figure 23:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Mg2+   
by limestone at 25°C in the presence of crude-oil 
 
23a: Effect of [Ca2+] in seawater on adsorption of   
Mg2+ by the limestone surface 
23b:  Effect of [Mg2+] in seawater on adsorption of  
Mg2+ by the limestone surface 
23c: Effect of [SO42-] in seawater on adsorption of   
Mg2+ by the limestone surface 
23d:   Effect of [Cl-] in seawater on adsorption of Mg2+ 
by the limestone surface 
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Figure 24:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Mg2+ by limestone at 25°C in the presence of crude-oil 
 
 
          
24a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Mg2+ by the limestone surface 
24b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
24c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
24d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
24e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
24f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
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Sulfate Ion Interactions 
Figures 25 and 26 present the main effects and two-way interactions respectively of Ca2+, 
Mg2+, SO42-, and Cl- concentrations in seawater on the adsorption of SO42- onto limestone 
in the presence of crude oil at 25°C. It can be seen from these figures that all levels of 
interaction between Ca2+, Mg2+, SO42-, and Cl- in seawater showed desorption of SO42- 
from the limestone surface. This can be due to the mineral dissolution of anhydrite from 
the limestone sample. Main effect results presented in Figure 25 show that the highest 
and lowest desorptions of SO42- ion from the rock is obtained at low calcium and high 
calcium concentration (A1 and A2) respectively. Interactions A1-B1, A1-C2, and A1-D2 
all show the highest desorptions of sulfate ion, while the lowest desorption is observed at 
interaction A2-B1 (Figure 26). These two-factor interactions coupled with the main 
effects suggest that decreasing Ca2+ concentration in seawater will significantly increase 
desorption of sulfate ion and consequently hinder its adsorption onto  limestone at 25°C, 
in the presence of  crude oil. 
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Figure 25:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of SO42- by 
limestone at 25°C in the presence of crude-oil 
 
25a: Effect of [Ca2+] in seawater on adsorption of   
SO42- by the limestone surface 
  25b: Effect of [Mg2+] in seawater on adsorption of SO42- 
by the limestone surface 
25c: Effect of [SO42-] in seawater on adsorption of   
SO42- by the limestone surface 
25d:  Effect of [Cl-] in seawater on adsorption of SO42- 
by the limestone surface 
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Figure 26:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of SO42- by limestone at 25°C in the presence of crude-oil 
 
          
26a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of SO42- by the limestone surface 
26b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
26c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
26d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
26e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
26f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
C1-D1 C1-D2 C2-D1 C2-D2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
C-D Interaction Mean Level Averages
-12
-10
-8
-6
-4
-2
0
B1-D1 B1-D2 B2-D1 B2-D2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
B-D Interaction Mean Level Averages
-10
-8
-6
-4
-2
0
B1-C1 B1-C2 B2-C1 B2-C2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
B-C Interaction Mean Level Averages
-12
-10
-8
-6
-4
-2
0
A1-D1 A1-D2 A2-D1 A2-D2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
A-D Interaction Mean Level Averages
-12
-10
-8
-6
-4
-2
0
A1-C1 A1-C2 A2-C1 A2-C2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
A-C Interaction Mean Level Averages
-12
-10
-8
-6
-4
-2
0
A1-B1 A1-B2 A2-B1 A2-B2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
A-B Interaction Mean Level Averages
 69 
 
Chloride Ion Interactions 
The main effect results of chloride ion concentration in seawater on calcium, magnesium, 
sulfate, and chloride ion adsorption onto limestone is presented in Figure 27. It indicates 
that increasing sulfate, chloride, and magnesium ions, and decreasing calcium ions in 
seawater will increase chloride ion desorption from the rock. The highest and lowest 
desorptions of chloride ion are obtained from the effects A1 (low calcium) and A2 (high 
calcium) respectively. The significant effect of calcium ion is also seen in the two-factor 
interactions which are presented in Figure 28. It is observed that the highest desorptions 
of chloride ion are obtained from interactions A1-B1, A1-C2 and A1-D2. Contrary to 
this, the highest adsorptions are produced from interactions A2-B1, and A2-D2. All 
interactions confirm that a reduction in calcium ion’s concentration in seawater will 
significantly reduce the possibility of   chloride’s adsorption onto the limestone rock 
surface at 25°C, in the presence of crude-oil. 
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Figure 27:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Cl- by 
limestone at 25°C in the presence of crude-oil 
 
27a: Effect of [Ca2+] in seawater on adsorption of   
Cl- by the limestone surface 
27b: Effect of [Mg2+] in seawater on adsorption of  
Cl-by the limestone surface 
27c: Effect of [SO42-] in seawater on adsorption of  
Cl- by the limestone surface 
27d:  Effect of [Cl-] in seawater on adsorption of  
Cl- by the limestone surface 
            
-25
-20
-15
-10
-5
0
D1 D2
C
l- A
ds
or
pt
io
n 
de
ns
ity
 (m
g/
g)
Factor D Mean Level Averages
-25
-20
-15
-10
-5
0
C1 C2
C
l- A
ds
or
pt
io
n 
de
ns
ity
 (m
g/
g)
Factor C Mean Level Averages
-20
-18
-16
-14
-12
-10
-8
-6
-4
-2
0
B1 B2
C
l- A
ds
or
pt
io
n 
de
ns
ity
 (m
g/
g)
Factor B Mean Level Averages
-30
-25
-20
-15
-10
-5
0
A1 A2
C
l-
Ad
so
rp
tio
n 
de
ns
ity
 (m
g/
g)
Factor A Mean Level Averages
 71 
 
 
Figure 28:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Cl- by limestone at 25°C in the presence of crude-oil 
               
28a: Combined effect of [Ca2+] & [Mg2+] in seawater  
on adsorption of Cl- by the limestone surface 
28b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Cl- by the limestone surface 
28c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
28d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Cl-  by the limestone surface 
28e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
28f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
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4.2.1.3   Adsorption of Ca2+, Mg2+, SO42-, and Cl- on Limestone in the absence of 
crude oil at 90°C 
Calcium Ion Interactions 
Figures 29 and 30 indicate that all levels of interaction between Ca2+, Mg2+, SO42-, and 
Cl- in seawater yielded desorption of calcium ion from the limestone surface at 90°C. 
This can be due to mineral dissolution of calcite, anhydrite and dolomite from the 
limestone sample. The main effect results of Ca2+ (Figure 29) showed that decreasing the 
concentrations of either calcium or sulfate ions in seawater will increase the calcium ion 
desorption from the limestone surface and vice-versa. On the contrary, a decrease in 
either magnesium or chloride ions in seawater resulted in less desorption of calcium ion. 
Interestingly, effect A1 and A2 yielded the highest and lowest desorptions of calcium ion 
respectively. It is also observed from the two-factor interactions presented in Figure 30 
that all interactions of A1 (A1-B1, A1-B2, A1-C1, A1-C2, A1-D1, and A1-D2) gave 
relatively the highest desorptions while interactions of A2 yielded much lower 
desorptions. The highest and lowest desorptions are obtained from interactions A1-B2, 
and A2-B2 respectively. However, the presence of B2 in both peak interactions 
eliminates high magnesium effect, and confirms calcium ion as the dominant factor. 
From the foregoing discussion, it is reasonable to conclude that in order to assure the 
occurrence or promotion of adsorption of calcium ions onto limestone at 90°C in the 
absence of crude oil, calcium ion concentration in the injected or surrounding seawater 
should be increased.  
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Figure 29:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Ca2+ by 
limestone at 90°C in the absence of crude-oil 
 
29a: Effect of [Ca2+] in seawater on adsorption of   
Ca2+ by the limestone surface 
 29b:  Effect of [Mg2+] in seawater on adsorption of Ca2+ 
by the limestone surface 
29c: Effect of [SO42-] in seawater on adsorption of   
Ca2+ by the limestone surface 
29d:  Effect of [Cl-] in seawater on adsorption of Ca2+ 
by the limestone surface 
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Figure 30:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Ca2+ by limestone at 90°C in the absence of crude-oil 
 
 
30a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Ca2+ by the limestone surface 
30b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
30c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
30d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
30e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
30f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
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Magnesium Ion Interactions 
Figures 31 and 32 present the main effects and two-way interactions respectively of Ca2+, 
Mg2+, SO42-, and Cl- concentrations in seawater on the adsorption of Mg2+ onto limestone 
in the absence of crude oil at 90°C. Main effects results (Figure 31) indicates that 
magnesium adsorption is enhanced by either increasing magnesium, sulfate and chloride 
ions or decreasing calcium ions in seawater. Sulfate ions seem to have a significant 
impact as it is observed that the highest and lowest adsorptions of magnesium ions 
occurred with effects C2 and C1 respectively. The two-factor interactions B2-C2, and 
C2-D2 yielded the highest adsorptions of magnesium ion (Figure 32), while the only 
desorption (very slight) is seen at interaction A2-C1. These interactions coupled with the 
main effects confirm the important role of sulfate ion concentration in magnesium ion 
adsorption. Since high magnesium and chloride ions are also observed to be influential, it 
is reasonable to conclude that the optimum way to promote magnesium ion adsorption 
onto limestone at 90°C in the absence of crude oil is to increase simultaneously either the 
concentrations of sulfate and magnesium ions or sulfate and chloride ions in the  injected 
seawater.      
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Figure 31:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Mg2+ by 
limestone at 90°C in the absence of crude-oil 
 
31a:  Effect of [Ca2+] in seawater on adsorption of   
Mg2+ by the limestone surface 
   31b:  Effect of [Mg2+] in seawater on adsorption of 
Mg2+ by the limestone surface 
31c: Effect of [SO42-] in seawater on adsorption of   
Mg2+ by the limestone surface 
31d:   Effect of [Cl-] in seawater on adsorption of Mg2+ 
by the limestone surface 
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Figure 32:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Mg2+ by limestone at 90°C in the absence of crude-oil 
 
 
 
32a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Mg2+ by the limestone surface 
32b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
32c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
32d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
32e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
32f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
0
0.5
1
1.5
2
2.5
3
C1-D1 C1-D2 C2-D1 C2-D2M
g2
+ 
A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
C-D Interaction Mean Level Averages
0
0.5
1
1.5
2
2.5
B1-D1 B1-D2 B2-D1 B2-D2
M
g2
+ 
A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
B-D Interaction Mean Level Averages
0
0.5
1
1.5
2
2.5
3
B1-C1 B1-C2 B2-C1 B2-C2
M
g2
+ 
A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
B-C Interaction Mean Level Averages
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
A1-D1 A1-D2 A2-D1 A2-D2
M
g2
+ 
A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
A-D Interaction Mean Level Averages
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
A1-B1 A1-B2 A2-B1 A2-B2
M
g2
+ 
A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
A-B Interaction Mean Level Averages
-0.5
0
0.5
1
1.5
2
A1-C1 A1-C2 A2-C1 A2-C2M
g2
+ 
A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
A-C Interaction Mean Level Averages
 78 
 
Sulfate Ion Interactions 
Figure 33 presents the main effects of calcium, magnesium, sulfate and chloride ion 
concentrations in seawater on sulfate adsorption at 90°C in the absence of crude-oil. 
Reducing calcium, magnesium and sulfate ion’s concentrations increased desorption of 
sulfate ion, while the opposite effect is observed with the chloride ion as can be seen 
from Figure 33. It is interesting to note that the highest and lowest desorptions are 
observed at effects A1 and A2 respectively, meaning that increasing calcium ion 
concentration will significantly reduce sulfate desorption and may trigger its adsorption. 
The two-factor interaction (Figure 34) seems to confirm this. In fact, all adsorptions of 
sulfate ion are observed to involve high calcium concentration (A2-B2, A2-C2, and A2-
D1). Conversely, all interactions of A1 show relatively high desorptions of sulfate ion. 
Moreover, the highest adsorption and desorption of sulfate ions are obtained at 
interactions A2-B2, and A1-B1 respectively. All the interactions coupled with the main 
effects prove that the optimum way to enhance sulfate adsorption onto limestone at 90°C 
in the absence of crude oil is to increase calcium ion concentration in seawater.   
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Figure 33:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of SO42- by 
limestone at 90°C in the absence of crude-oil 
 
33a:  Effect of [Ca2+] in seawater on adsorption of   
SO42- by the limestone surface 
   33b:  Effect of [Mg2+] in seawater on adsorption of 
SO42- by the limestone surface 
33c: Effect of [SO42-] in seawater on adsorption of   
SO42- by the limestone surface 
33d:   Effect of [Cl-] in seawater on adsorption of SO42- 
by the limestone surface 
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Figure 34:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of SO42- by limestone at 90°C in the absence of crude-oil 
 
 
          
34a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of SO42- by the limestone surface 
34b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
34c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
34d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
34e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
34f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
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Chloride Ion Interactions 
The main effects of ions on chloride ion adsorption presented in Figure 35 indicate that 
decreasing calcium, magnesium, and sulfate ions will increase chloride desorption, while 
a decrease in chloride concentration will decrease its desorption. Chloride ion desorption 
can be attributed to the dissolution of halite or any other Cl- containing compound from 
the rock. The highest and lowest desorptions are obtained at effects A1 and A2 
respectively. The two-factor interactions presented in Figure 36 show that highest 
adsorptions of chloride ion occured at interactions A2-B2, A2-C2, and A2-D1, while the 
highest desorptions are observed at interactions C1-D2, A1-D2, and B1-D2. All 
interactions show that simultaneously increasing calcium and decreasing chloride ion 
concentrations in seawater is the optimum way to enhance chloride ion adsorption onto 
limestone at 90°C in the absence of crude oil.  
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Figure 35:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Cl- by 
limestone at 90°C in the absence of crude-oil 
 
 
35a:  Effect of [Ca2+] in seawater on adsorption of   
Cl- by the limestone surface 
   35b: Effect of [Mg2+] in seawater on adsorption of Cl- 
by the limestone surface 
  35c:   Effect of [SO42-] in seawater on adsorption of   
Cl- by the limestone surface 
 35d:  Effect of [Cl-] in seawater on adsorption of Cl- by 
the limestone surface 
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Figure 36:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Cl- by limestone at 90°C in the absence of crude-oil 
               
36a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Cl- by the limestone surface 
36b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Cl- by the limestone surface 
36c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
36d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Cl-  by the limestone surface 
36e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
36f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
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4.2.1.4   Adsorption of Ca2+, Mg2+, SO42-, and Cl- on Limestone in the presence of 
crude oil at 90°C 
Calcium Ion Interactions 
Desorption of calcium ion occurred at all levels of interactions between the ions as 
Figures 37 and 38 shows. Main effect results in Figure 37 shows that the amount of 
desorption can be decreased by either increasing the concentrations of calcium and 
sulfate ions individually or decrease the concentrations of magnesium and chloride ions 
individually in seawater. The highest desorption of calcium ion from the limestone rock 
is obtained at low calcium concentration, while the lowest desorption is observed at high 
calcium concentration as evidenced by effects A1and A2 respectively.  It is observed 
from the two-factor interactions (Figure 38) that all interactions involving the low 
concentration of calcium (A1-B1, A1-B2, A1-C1, A1-C2, A1-D1, and A1 - D2) showed 
relatively high calcium ion desorption, while those involving A2 showed the lowest 
calcium desorptions. Magnesium ion is also seen to be very influential on calcium ion  
adsorption by observing that all B1 and B2 interactions demonstrated a relatively low and 
high calcium ion desorption respectively. Interestingly, the highest and lowest 
desorptions in the two-factor interactions occurred at A1-B2 and A2-B1 respectively. All 
evidences confirm that the optimum way to reduce calcium ion desorption and enhance 
its adsorption onto the limestone at 90°C in the presence of crude oil is to simultaneously 
increase the calcium ion and decrease the magnesium ions in the injected or  surrounding 
seawater. 
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Figure 37:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Ca2+ by 
limestone at 90°C in the presence of crude-oil 
 
37a:  Effect of [Ca2+] in seawater on adsorption of   
Ca2+ by the limestone surface 
   37b: Effect of [Mg2+] in seawater on adsorption of Ca2+ 
by the limestone surface 
37c: Effect of [SO42-] in seawater on adsorption of   
Ca2+ by the limestone surface 
37d: Effect of [Cl-] in seawater on adsorption of Ca2+ 
by the limestone surface 
          
-3.55
-3.5
-3.45
-3.4
-3.35
-3.3
-3.25
-3.2
-3.15
D1 D2
C
a2
+ 
A
ds
or
pt
io
n 
de
ns
ity
 (m
g/
g)
Factor D Mean Level Averages
-3.7
-3.6
-3.5
-3.4
-3.3
-3.2
-3.1
-3
C1 C2
C
a2
+ 
A
ds
or
pt
io
n 
de
ns
ity
 (m
g/
g)
Factor C Mean Level Averages
-4.5
-4
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
B1 B2
C
a2
+ 
A
ds
or
pt
io
n 
de
ns
ity
 (m
g/
g)
Factor B Mean Level Averages
-5
-4.5
-4
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
A1 A2
C
a2
+ 
A
ds
or
pt
io
n 
de
ns
ity
 (m
g/
g)
Factor A Mean Level Averages
 86 
 
 
Figure 38:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Ca2+ by limestone at 90°C in the presence of crude-oil 
 
    
38a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Ca2+ by the limestone surface 
38b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
38c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
38d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
38e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
38f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
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Magnesium Ion Interactions 
Figures 39 and 40 indicate that all levels of interactions ensured adsorption of magnesium 
ion onto the limestone powder. It is observed from figure 39 that either a decrease in the 
individual concentrations of calcium or chloride ions or an increase in the individual 
concentrations of sulfate or magnesium ions is needed to enhance magnesium adsorption. 
It is also seen that the highest adsorption of magnesium ion onto the rock is obtained at 
low calcium concentration, while the lowest adsorption is observed at high calcium 
concentration as evidenced by effects A1 and A2 respectively, which means that calcium 
ion concentration in seawater is very important for magnesium ion adsorption. This is 
also supported by Figure 40, which shows that all the interactions involving A1 and A2 
gave the highest and lowest adsorptions of magnesium ions respectively. Increasing the 
magnesium and sulfate ions in seawater is also seen to promote magnesium ion 
adsorption, which is reflected in the highest and lowest amounts of magnesium 
adsorption obtained from interactions A1-B2, and A2-C1 respectively. All these two-
factor interactions coupled with the main effects prove that a decrease in calcium ion 
concentration is very important for promotion of magnesium ion adsorption. The 
optimum way to enhance magnesium ion adsorption onto limestone at 90°C in the 
presence of crude oil is to simultaneously decrease the calcium ions and increase either 
magnesium or sulfate ions in the injected seawater.  
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Figure 39:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Mg2+ by 
limestone at 90°C in the presence of crude-oil 
 
39a:  Effect of [Ca2+] in seawater on adsorption of   
Mg2+ by the limestone surface 
  39b: Effect of [Mg2+] in seawater on adsorption of Mg2+ 
by the limestone surface 
39c: Effect of [SO42-] in seawater on adsorption of   
Mg2+ by the limestone surface 
39d:   Effect of [Cl-] in seawater on adsorption of Mg2+ 
by the limestone surface 
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Figure 40:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Mg2+ by limestone at 90°C in the presence of crude-oil 
 
 
              
40a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Mg2+ by the limestone surface 
40b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
40c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
40d: Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
40e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
40f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
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Sulfate Ion Interactions 
The main effect results presented in Figure 41 shows that decreasing the concentrations 
of either sulfate or calcium ions in seawater will increase sulfate ion desorption from the 
limestone, while magnesium and chloride ions show the opposite effect. The two-factor 
interactions presented in Figure 42 highlights the significance of calcium and sulfate ions 
in seawater. It is observed that all interactions of C2 (A1-C2, A2-C2, B2-C2, B1-C2, C2-
D1, and C2-D2) and A2 (A2-B1, A2-B2, A2-C1, A2-C2, A2-D1, A2-D2) showed 
relatively the lowest desorptions of sulfate ion, while the highest desorption is observed 
at interaction A1-C1. Adsorption of sulfate ions are observed at interactions A2-D1, and 
A2-B2, which means an increase in calcium ions will significantly enhance sulfate 
adsorption. However, the impact of calcium and sulfate ions appears to be very similar 
from both the main effects and interactions A1-C2, and A2-C1. A decrease in chloride 
ion concentration in the seawater will also assure sulfate adsorption as seen from 
interaction A2-D1 (Figure 42c), which showed the highest adsorption. From the 
foregoing discussion, we can conclude that the optimum way to enhance sulfate ion 
adsorption onto limestone at 90°C in the presence of crude oil is to increase both calcium 
and sulfate ions, and decrease chloride ions in the injected seawater. 
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Figure 41:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of SO42- by 
limestone at 90°C in the presence of crude-oil 
 
41a:  Effect of [Ca2+] in seawater on adsorption of   
SO42- by the limestone surface 
41b:  Effect of [Mg2+] in seawater on adsorption of 
SO42- by the limestone surface 
41c: Effect of [SO42-] in seawater on adsorption of   
SO42- by the limestone surface 
41d:   Effect of [Cl-] in seawater on adsorption of SO42- 
by the limestone surface 
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Figure 42:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of SO42- by limestone at 90°C in the presence of crude-oil 
 
               
42a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of SO42- by the limestone surface 
42b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
42c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
42d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
42e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
42f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
-7
-6
-5
-4
-3
-2
-1
0
C1-D1 C1-D2 C2-D1 C2-D2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
C-D Interaction Mean Level Averages
-6
-5
-4
-3
-2
-1
0
B1-D1 B1-D2 B2-D1 B2-D2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
B-D Interaction Mean Level Averages
-6
-5
-4
-3
-2
-1
0
B1-C1 B1-C2 B2-C1 B2-C2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
B-C Interaction Mean Level Averages
-6
-5
-4
-3
-2
-1
0
1
2
A1-D1 A1-D2 A2-D1 A2-D2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
A-D Interaction Mean Level Averages
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
A1-C1 A1-C2 A2-C1 A2-C2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
A-C Interaction Mean Level Averages
-7
-6
-5
-4
-3
-2
-1
0
1
A1-B1 A1-B2 A2-B1 A2-B2
SO
42
- A
ds
or
pt
io
n 
de
ns
ity
 
(m
g/
g)
A-B Interaction Mean Level Averages
 93 
 
Chloride Ion Interactions 
The main effects results presented in Figure 43 indicate that chloride ion desorption can 
be decreased by either increasing individually the concentrations of calcium, magnesium, 
and sulfate ions or decreasing chloride ion concentration in seawater. The observed 
desorptions of Cl- can be related to the dissolution of halite or any other Cl- containing 
compound from the rock. The highest desorption of chloride ion is obtained at low 
concentration of sulfate ion (C1), while the lowest desorption of chloride  ion from the 
limestone rock surface is at high sulfate ion concentration (C2), indicating that sulfate ion 
could play a significant role in chloride ion adsorption. Figure 44 which shows the two-
factor interactions indicates that the highest desorptions of chloride ion are obtained from 
interactions involving A1 and C1 (A1-B1, A1-B2, A1-C1, A1-D1, B1-C1, and C1-D2), 
the highest being A1-C1. Conversely, all interactions with the highest adsorptions of 
chloride ion involve A2 and C2 (A2-B2, A1-C2, A2-C1, A2-D1, and B1-C2). Thus, we 
can conclude that chloride ion adsorption onto limestone at 90°C in the presence of crude 
oil can be enhanced by increasing both sulfate and calcium ions in the injected seawater. 
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Figure 43:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Cl- by 
limestone at 90°C in the presence of crude-oil 
 
43a:   Effect of [Ca2+] in seawater on adsorption of Cl- 
by the limestone surface 
43b:   Effect of [Mg2+] in seawater on adsorption of Cl- 
by the limestone surface 
43c: Effect of [SO42-] in seawater on adsorption of Cl- 
by the limestone surface 
43d:    Effect of [Cl-] in seawater on adsorption of Cl- 
by the limestone surface 
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Figure 44:    Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Cl- by limestone at 90°C in the presence of crude-oil 
               
44a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Cl- by the limestone surface 
44b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Cl- by the limestone surface 
44c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
44d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Cl-  by the limestone surface 
44e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
44f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
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4.2.1.5   Impact of crude oil on the adsorption of Ca2+, Mg2+, SO42-, and Cl- on 
Limestone at 25°C 
Having presented adsorption results in the presence and absence of crude oil at 25°C and 
90°C, it is imperative to identify the effect of crude oil on the ionic interactions at these 
temperatures, taking the interactions in the absence of crude oil as a base case.  
Calcium Ion Interactions 
Figures 45 and 46 compares the main effects and two-way interactions respectively of 
Ca2+, Mg2+, SO42-, and Cl- concentrations in seawater on the adsorption of Ca2+ onto 
limestone in the absence and presence of crude oil at 25°C. It can be observed from both 
figures that more calcium goes into solution in the presence of oil than in its absence in 
all interactions. In otherwords, it can imply that there is less adsorption of calcium ion 
when crude oil is present than in its absence. This is probably due to less access of the 
calcium ion to the limestone in the presence of oil. Increase of calcium ion concentration 
in seawater will significantly trigger the adsorption of calcium ions onto limestone both 
in the absence and presence of crude oil at 25°C.  
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Figure 45:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Ca2+ by 
limestone at 25°C in the absence and presence of crude-oil 
 
45a:  Effect of [Ca2+] in seawater on adsorption of   
Ca2+ by the limestone surface 
45b:  Effect of [Mg2+] in seawater on adsorption of  
Ca2+ by the limestone surface 
45c: Effect of [SO42-] in seawater on adsorption of   
Ca2+ by the limestone surface 
45d:   Effect of [Cl-] in seawater on adsorption of Ca2+
by the limestone surface 
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Figure 46:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Ca2+ by limestone at 25°C in the absence and presence of crude-oil 
 
      
46a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Ca2+ by the limestone surface 
46b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
46c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
46d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
46e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
46f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
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Magnesium Ion Interactions 
Figures 47 and 48 generally show that there is more adsorption of magnesium ions onto 
limestone in the absence of crude-oil than in its presence. This is again due to the fact that 
the ions have better access to the rock when crude-oil is not present. The presence of 
crude oil will prevent direct contact of magnesium ions with the limestone rock, thereby 
reducing its adsorption rate. While magnesium adsorption onto limestone in the absence 
of crude oil can be enhanced by decreasing chloride and calcium ion concentrations, 
decreasing chloride and sulfate ions in seawater seem to be the optimum condition for 
magnesium adsorption in the presence of crude oil. Chloride ion is a common factor to 
both cases. 
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Figure 47:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Mg2+ by 
limestone at 25°C in the absence and presence of crude-oil 
 
47a:  Effect of [Ca2+] in seawater on adsorption of   
Mg2+ by the limestone surface 
  47b: Effect of [Mg2+] in seawater on adsorption of 
Mg2+ by the limestone surface 
47c: Effect of [SO42-] in seawater on adsorption of   
Mg2+ by the limestone surface 
47d:  Effect of [Cl-] in seawater on adsorption of  
Mg2+ by the limestone surface 
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Figure 48:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Mg2+ by limestone at 25°C in the absence and presence of crude-oil 
 
 
          
48a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Mg2+ by the limestone surface 
48b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
48c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
48d:Combined effect of [Mg2+]&[SO42-] in seawater  
on adsorption of Mg2+ by the limestone surface 
48e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
48f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
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Sulfate Ion Interactions 
Figures 49 and 50 shows the effect of crude oil on sulfate adsorption onto limestone at 
25°C in the presence and absence of crude oil. While all the interactions show desorption 
of sulfate ion, it is generally observed that the desorption is much higher in the presence 
of crude oil than in its absence. This means that the possibility of adsorption of sulfate 
ion would be much higher in the absence of crude oil than in its presence. This is due to 
less access of the sulfate ion to the limestone rock in the presence of crude-oil. The crude 
oil forms a thick coat around the limestone, thereby inhibiting direct contact of ions with 
the powder. However, both cases commonly identify calcium ion as the most significant 
ion for sulfate ion adsorption.  Decreasing Ca2+ concentration in seawater will seriously 
impede adsorption of SO42-   onto limestone at 25°C in the absence and presence of crude 
oil. 
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Figure 49:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of SO42- by 
limestone at 25°C in the absence and presence of crude-oil 
 
49a:  Effect of [Ca2+] in seawater on adsorption of   
SO42- by the limestone surface 
 49b:  Effect of [Mg2+] in seawater on adsorption of  
SO42- by the limestone surface 
49c: Effect of [SO42-] in seawater on adsorption of   
SO42- by the limestone surface 
 49d:  Effect of [Cl-] in seawater on adsorption of SO42-
by the limestone surface 
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Figure 50:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of SO42- by limestone at 25°C in the absence and presence of crude-oil 
 
 
          
50a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of SO42- by the limestone surface 
50b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
50c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
50d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
50e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
50f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
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Chloride Ion Interactions 
Figures 51 and 52 show that there is a significant difference in the amount of chloride 
desorbed from the limestone surface in the absence and presence of crude oil. More 
desorption in the presence of crude oil means that adsorption of chloride ion will be more 
in the absence of crude oil. This is the same observation with calcium, magnesium, and 
sulfate ions. It is due to less access of the chloride ion to the limestone powder in the 
presence of crude-oil. While chloride adsorption onto limestone in the absence of crude 
oil can be enhanced by increasing chloride and calcium ion concentrations, increasing 
calcium ions only in seawater seem to be the optimum condition for chloride adsorption 
in the presence of crude oil. Calcium ion is a common factor to both cases. 
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Figure 51:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Cl- by 
limestone at 25°C in the absence and presence of crude-oil 
 
51a:  Effect of [Ca2+] in seawater on adsorption of   
Cl- by the limestone surface 
51b:   Effect of [Mg2+] in seawater on adsorption of Cl- 
by the limestone surface 
51c:    Effect of [SO42-] in seawater on adsorption of Cl-  
by the limestone surface 
51d:   Effect of [Cl-] in seawater on adsorption of Cl- by 
the limestone surface 
         
-25
-20
-15
-10
-5
0
D1 D2
C
l-
A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
Factor D Mean Level Averages
Presence of crude oil Absence of crude oil
-25
-20
-15
-10
-5
0
C1 C2
C
l-
Ad
so
rp
tio
n 
de
ns
ity
(m
g/
g)
Factor C Mean Level Averages
Presence of crude oil Absence of crude oil
-20
-18
-16
-14
-12
-10
-8
-6
-4
-2
0
B1 B2
C
l- A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
Factor B Mean Level Averages
Presence of  crude oil Absence of crude oil
-30
-25
-20
-15
-10
-5
0
5
A1 A2
C
l-
A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
Factor A Mean Level Averages
Presence of crude oil Absence of crude oil
 107 
 
 
Figure 52:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Cl- by limestone at 25°C in the absence and presence of crude-oil 
                   
52a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Cl- by the limestone surface 
52b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Cl- by the limestone surface 
52c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
52d: Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Cl- by the limestone surface 
52e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
52f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
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4.2.1.6   Impact of crude oil on the adsorption of Ca2+, Mg2+, SO42-, and Cl- on 
Limestone at 90°C 
Calcium Ion Interactions 
Although all interactions in the absence and presence of crude oil at 90°C show 
desorption of calcium ions, no significant difference is observed, as can be seen from 
Figures 53 and 54. This might be due to the impact of high temperature which increased 
the access of the ions to the limestone powder in the presence of crude oil. Unlike at 
25°C, it was actually observed that the crude oil coating of the limestone powder was 
significantly reduced or even eliminated in some samples after conditioning at 90°C. 
While calcium ion adsorption onto limestone in the absence of crude oil can be 
significantly enhanced by increasing calcium ion concentrations alone, increasing 
calcium ions while reducing  magnesium ions in  seawater is the optimum condition for 
calcium adsorption in the presence of crude oil. Calcium ion concentration is commonly 
important in both the absence and presence of crude oil. 
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Figure 53:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Ca2+ by 
limestone at 90°C in the absence and presence of crude-oil 
 
53a:  Effect of [Ca2+] in seawater on adsorption of   
Ca2+ by the limestone surface 
53b:   Effect of [Mg2+] in seawater on adsorption of 
Ca2+ by the limestone surface 
53c: Effect of [SO42-] in seawater on adsorption of   
Ca2+ by the limestone surface 
53d:  Effect of [Cl-] in seawater on adsorption of   
Ca2+ by the limestone surface 
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Figure 54:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Ca2+ by limestone at 90°C in the absence and presence of crude-oil 
 
      
54a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Ca2+ by the limestone surface 
54b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
54c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
54d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
54e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
54f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
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Magnesium Ion Interactions 
Although only adsorption of magnesium ions is observed in the absence and presence of 
crude oil, comparing magnesium ion interactions at 90°C seems to be very complex, with 
significant differences, as observed in Figures 55 and 56. However, a closer look at these 
figures show a particular trend. The main effects in Figure 55 seems to indicate that at 
low concentrations of all the ions, more magnesium ions are adsorbed in the presence of 
crude-oil. Contrary to this, high concentrations of ions ensure a higher adsorption of 
magnesium ions in the absence of crude oil. The two-factor interactions of A1-C1, A2-
C2, A1-D1, A2-D2, B1-D1, B2-D2, C1-D1, and C2-D2 also confirm the  same  trend, 
that is, at low concentrations of ions, more magnesium ion is adsorbed in the presence of 
crude-oil, while at high concentrations, less magnesium ion  is adsorbed  in  the presence 
of crude-oil. The reason for this behaviour is not known and may require further 
investigation if deemed necessary. While sulfate ions seem to be the catalyst for 
magnesium adsorption in the absence of oil, calcium ion is the most important ion to 
ensure magnesium ion adsorption in the presence of crude oil.  
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Figure 55:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Mg2+ by 
limestone at 90°C in the absence and presence of crude-oil 
 
55a:  Effect of [Ca2+] in seawater on adsorption of   
Mg2+ by the limestone surface 
  55b: Effect of [Mg2+] in seawater on adsorption of 
Mg2+ by the limestone surface 
55c: Effect of [SO42-] in seawater on adsorption of   
Mg2+ by the limestone surface 
55d:   Effect of [Cl-] in seawater on adsorption of Mg2+ 
by the limestone surface 
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Figure 56:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Mg2+ by limestone at 90°C in the absence and presence of crude-oil 
 
 
              
56a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Mg2+ by the limestone surface 
56b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
56c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
56d:Combined effect of [Mg2+]&[SO42-] in seawater  
on adsorption of Mg2+ by the limestone surface 
56e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
56f:Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
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Sulfate Ion Interactions 
Figures 57 and 58 compares the main effects and two-way interactions respectively of 
Ca2+, Mg2+, SO42-, and Cl- concentrations in seawater  on the adsorption of SO42- onto 
limestone in the  absence and  presence of crude oil at 90°C. The sulfate ion interactions 
in the presence and absence of crude oil are slightly different, and more interactions show 
more desorption of sulfate ion in the absence of crude oil. However, the same conclusions 
can be drawn from them. Increasing calcium and sulfate ions, while decreasing chloride 
ions in the injected seawater will enhance sulfate ion adsorption in both cases.  
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Figure 57:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of SO42- by 
limestone at 90°C in the absence and presence of crude-oil 
57a:  Effect of [Ca2+] in seawater on adsorption of   
SO42- by the limestone surface 
 57b:  Effect of [Mg2+] in seawater on adsorption of 
SO42- by the limestone surface 
57c: Effect of [SO42-] in seawater on adsorption of   
SO42- by the limestone surface 
57d:   Effect of [Cl-] in seawater on adsorption of SO42- 
by the limestone surface 
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Figure 58:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of SO42- by limestone at 90°C in the absence and presence of crude-oil 
 
               
58a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of SO42- by the limestone surface 
58b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
58c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
58d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
58e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
58f:Combined effect of [SO42-] & [Cl-] in seawater  
on adsorption of SO42- by the limestone surface 
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Chloride Ion Interactions 
It is generally observed from Figures 59 and 60 that more desorption of chloride ion 
occurred from the limestone rock in the absence of crude oil. The reason for this 
behaviour is not known but it must be related to the high temperature. While chloride 
adsorption can be mostly enhanced in the absence of crude oil by simultaneously 
increasing calcium and decreasing chloride ionic concentrations in seawater, the increase 
of sulfate and calcium ions will promote chloride ion adsorption in the presence of crude 
oil. Calcium ion will thus enhance adsorption in both cases. 
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Figure 59:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Cl- by 
limestone at 90°C in the absence and presence of crude-oil 
 
59a:  Effect of [Ca2+] in seawater on adsorption of   
Cl- by the limestone surface 
59b:   Effect of [Mg2+] in seawater on adsorption of Cl- 
by the limestone surface 
59c:  Effect of [SO42-] in seawater on adsorption of Cl- 
by the limestone surface 
59d:   Effect of [Cl-] in seawater on adsorption of Cl- by 
the limestone surface 
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Figure 60:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of Cl- by limestone at 90°C in the absence and presence of crude-oil 
                
60a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Cl- by the limestone surface 
60b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Cl- by the limestone surface 
60c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
60d: Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Cl-  by the limestone surface 
60e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
60f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Cl-  by the limestone surface 
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4.2.1.7   Temperature effect on the adsorption of Ca2+, Mg2+, SO42-, and Cl- on 
Limestone in the absence of crude oil 
Calcium Ion Interactions 
Although, desorption is observed at both temperatures, Figures 61 and 62 obviously show 
that more calcium ions go into solution at 90°C than at 25°C. This must be related to 
substitution reaction of magnesium ions. Magnesium ion gets highly reactive at high 
temperatures and then it substitutes or displaces calcium ions from the crystal lattice of 
carbonates. This fact has also been experimentally proven with the PCC, which is shown 
in Figure 8b. Both temperatures however show that increasing calcium ions in seawater is 
the optimum way to enhance calcium ion adsorption onto limestone in the absence of 
crude oil. 
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Figure 61:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Ca2+by 
limestone at 25°C and 90°C in the absence of crude-oil 
61a:  Effect of [Ca2+] in seawater on adsorption of   
Ca2+ by the limestone surface 
61b:   Effect of [Mg2+] in seawater on adsorption of 
Ca2+ by the limestone surface 
61c: Effect of [SO42-] in seawater on adsorption of   
Ca2+ by the limestone surface 
61d:    Effect of [Cl-] in seawater on adsorption of Ca2+ 
by the limestone surface 
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Figure 62:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption  
of Ca2+ by limestone at 25°C and 90°C in the absence of crude-oil 
 
                
62a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Ca2+ by the limestone surface 
62b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
62c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
62d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
62e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
62f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
-4
-3
-2
-1
0
C1-D1 C1-D2 C2-D1 C2-D2
C
a2
+ 
A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
C-D Interaction Mean Level Averages
25 C 90 C
-5
-4
-3
-2
-1
0
B1-D1 B1-D2 B2-D1 B2-D2
C
a2
+ 
A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
B-D Interaction Mean Level Averages
25 C 90 C
-6
-5
-4
-3
-2
-1
0
A1-D1 A1-D2 A2-D1 A2-D2
C
a2
+ 
A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
A-D Interaction Mean Level Averages
25 C 90 C
-5
-4
-3
-2
-1
0
B1-C1 B1-C2 B2-C1 B2-C2
C
a2
+ 
A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
B-C Interaction Mean Level Averages
25 C 90 C
-6
-5
-4
-3
-2
-1
0
A1-C1 A1-C2 A2-C1 A2-C2
C
a2
+ 
A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
A-C Interaction Mean Level Averages
25 C 90 C
-6
-5
-4
-3
-2
-1
0
A1-B1 A1-B2 A2-B1 A2-B2
C
a2
+ 
A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
A-B Interaction Mean Level Averages
25 C 90 C
 123 
 
Magnesium Ion Interactions 
Significant differences are observed in the amount of magnesium adsorbed onto 
limestone at the two temperatures, as shown in Figures 63 and 64. More magnesium ion 
is adsorbed onto limestone at 90°C than at 25°C because magnesium ion gets more 
reactive at high temperatures due to dehydration of the ion [1]. At 25°C, it was observed 
that a decrease in chloride and calcium ions will enhance magnesium adsorption, while 
an increase in both sulfate and magnesium ions will enhance magnesium ion adsorption 
at 90°C. 
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Figure 63:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Mg2+ by 
limestone at 25°C and 90°C in the absence of crude-oil 
 
63a:  Effect of [Ca2+] in seawater on adsorption of   
Mg2+ by the limestone surface 
  63b: Effect of [Mg2+] in seawater on adsorption of 
Mg2+ by the limestone surface 
63c: Effect of [SO42-] in seawater on adsorption of   
Mg2+ by the limestone surface 
  63d:  Effect of [Cl-] in seawater on adsorption of Mg2+ 
by the limestone surface 
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Figure 64:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption  
of  Mg2+ by limestone at 25°C and 90°C in the absence of crude-oil 
 
                    
64a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Mg2+ by the limestone surface 
64b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
64c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
64d:Combined effect of [Mg2+]&[SO42-] in seawater  
on adsorption of Mg2+ by the limestone surface 
64e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
64f:Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
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Sulfate Ion Interactions 
The interactions of sulfate ion at room temperature and 90°C are different, as Figures 65 
and 66 indicate. While all interactions at 25°C show desorption of sulfate ion, 
interactions A2-B2, A2-C2, and A2-D1 at 90°C yielded adsorption of sulfate ion. 
Interactions at both temperatures reveal that a decrease in both calcium and sulfate ion 
concentrations in seawater will seriously impede sulfate ion adsorption onto limestone. 
 
Figure 65:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of SO42- by 
limestone at 25°C and 90°C in the absence of crude-oil 
65a:  Effect of [Ca2+] in seawater on adsorption of   
SO42- by the limestone surface 
 65b:  Effect of [Mg2+] in seawater on adsorption of 
SO42- by the limestone surface 
65c: Effect of [SO42-] in seawater on adsorption of   
SO42- by the limestone surface 
65d:  Effect of [Cl-] in seawater on adsorption of 
SO42- by the limestone surface 
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Figure 66:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of SO42- by limestone at 25°C and 90°C in the absence of crude-oil 
 
                    
66a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of SO42- by the limestone surface 
66b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
66c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
66d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
66e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
66f:Combined effect of [SO42-] & [Cl-] in seawater  
on adsorption of SO42- by the limestone surface 
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Chloride Ion Interactions 
More chloride ions go into solution at 90°C than at 25°C, as Figures 67 and 68 generally 
show. At 25°C, chloride adsorption can be promoted mostly by increasing calcium and 
chloride ions in seawater, while an increase in calcium and rather a decrease in chloride 
ions in seawater seems to be the optimum way to promote chloride adsorption at 90°C. 
 
Figure 67:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Cl- by 
limestone at 25°C and 90°C in the absence of crude-oil 
67a:  Effect of [Ca2+] in seawater on adsorption of   
Cl- by the limestone surface 
67b:   Effect of [Mg2+] in seawater on adsorption of Cl- 
by the limestone surface 
67c:    Effect of [SO42-] in seawater on adsorption of Cl-  
by the limestone surface 
67d:    Effect of [Cl-] in seawater on adsorption of Cl- 
by the limestone surface 
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Figure 68:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption 
of  Cl- by limestone at 25°C and 90°C in the absence of crude-oil 
                    
68a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Cl- by the limestone surface 
68b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Cl- by the limestone surface 
68c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
68d: Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Cl- by the limestone surface 
68e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
69f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Cl-  by the limestone surface 
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4.2.1.8   Temperature effect on the adsorption of Ca2+, Mg2+, SO42-, and Cl- on     
Limestone in the presence of crude oil 
Calcium Ion Interactions 
It can be generally observed from Figures 69 and 70 that more calcium ions go into 
solution at 90°C than 25°C. This can be related to the substitution reaction of magnesium 
ion at 90°C, which can be seen from Figure 71. The substitution of calcium ion on the 
carbonate matrix by magnesium ion increases with temperature. While increasing 
calcium ion concentration alone in seawater is enough to significantly trigger calcium ion 
adsorption at 25°C, simultaneously increasing calcium and decreasing magnesium ions in 
seawater is what is needed to enhance calcium adsorption at 90°C. Decreasing 
magnesium ions in seawater will decrease the amount of calcium ions that will go into 
solution at 90°C as can be seen from Figures 69b, 70a, 70d, and 70e. 
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Figure 69:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Ca2+ by 
limestone at 25°C and 90°C in the presence of crude-oil 
 
69a:  Effect of [Ca2+] in seawater on adsorption of   
Ca2+ by the limestone surface 
69b:   Effect of [Mg2+] in seawater on adsorption of 
Ca2+ by the limestone surface 
69c: Effect of [SO42-] in seawater on adsorption of   
Ca2+ by the limestone surface 
69d:     Effect of [Cl-] in seawater on adsorption of Ca2+ 
by the limestone surface 
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Figure 70:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption  
of Ca2+ by limestone at 25°C and 90°C in the presence of crude-oil 
 
                     
70a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Ca2+ by the limestone surface 
70b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
70c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
70d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Ca2+ by the limestone surface 
70e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
70f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Ca2+ by the limestone surface 
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Magnesium Ion Interactions 
Figures 71 and 72 show that adsorption of magnesium ions increases with temperature. 
Magnesium ion gets highly reactive at high temperature due to its partial dehydration. 
Unlike at 25°C, the high temperature ensured direct contact of the ions with the rock, as 
was observed from the samples after conditioning at 90°C. At 25°C, magnesium ion 
adsorption onto limestone can be promoted by reducing the concentrations of both SO42- 
and Cl- simultaneously in the injected seawater. This is completely different from the 
interactions at 90°C, wherein magnesium adsorption onto limestone can be enhanced by 
simultaneously decreasing the calcium ions and increasing either magnesium or sulfate 
ions in the injected or surrounding seawater.  
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Figure 71:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Mg2+ by 
limestone at 25°C and 90°C in the presence of crude-oil 
 
71a:  Effect of [Ca2+] in seawater on adsorption of   
Mg2+ by the limestone surface 
  71b: Effect of [Mg2+] in seawater on adsorption of 
Mg2+ by the limestone surface 
71c: Effect of [SO42-] in seawater on adsorption of   
Mg2+ by the limestone surface 
71d:   Effect of [Cl-] in seawater on adsorption of Mg2+ 
by the limestone surface 
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Figure 72:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption  
of Mg2+ by limestone at 25°C and 90°C in the presence of crude-oil 
 
 
                         
72a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Mg2+ by the limestone surface 
72b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Mg2+ by the limestone surface 
72c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
72d:Combined effect of [Mg2+]&[SO42-] in seawater  
on adsorption of Mg2+ by the limestone surface 
72e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
72f:Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Mg2+ by the limestone surface 
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Sulfate Ion Interactions 
It can be generally observed from Figures 73 and 74 that there is more desorption of 
sulfate ion at 25°C than 90°C. In other words, there is less adsorption of sulfate ions at 
25°C. This indicates that adsorption of sulfate ion onto limestone will increase with 
temperature. Calcium ion was found to be the most influential ion on sulfate adsorption at 
25°C, as an increase in calcium ion in seawater will enhance it. In addition to an increase 
in calcium ion, an increase in sulfate ion was found to equally promote sulfate adsorption 
onto limestone at 90°C. Decreasing the chloride ion concentration in the injected or 
surrounding seawater also enhanced sulfate adsorption at 90°C. 
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Figure 73:  Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of SO42- by 
limestone at 25°C and 90°C in the presence of crude-oil 
 
73a:  Effect of [Ca2+] in seawater on adsorption of   
SO42- by the limestone surface 
 73b:  Effect of [Mg2+] in seawater on adsorption of 
SO42- by the limestone surface 
73c: Effect of [SO42-] in seawater on adsorption of   
SO42- by the limestone surface 
73d:   Effect of [Cl-] in seawater on adsorption of SO42- 
by the limestone surface 
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Figure 74:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption  
of SO42- by limestone at 25°C and 90°C in the presence of crude-oil 
 
                    
74a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of SO42- by the limestone surface 
74b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
74c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
74d:Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of SO42- by the limestone surface 
74e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of SO42- by the limestone surface 
74f:Combined effect of [SO42-] & [Cl-] in seawater  
on adsorption of SO42- by the limestone surface 
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Chloride Ion Interactions 
More interactions in Figures 75 and 76 seems to indicate higher chloride desorption from 
limestone at 25°C than 90°C. Thus, it can be safely agreed upon that chloride ion 
adsorption will increase with temperature. Interactions at 25°C confirm that a reduction 
in calcium ion’s  concentration in seawater will significantly reduce the possibility of 
chloride’s adsorption  onto the limestone  rock surface, while it was concluded from 
experiments at 90°C that chloride adsorption onto limestone can be enhanced by 
increasing both sulfate and calcium ions. Calcium ion is commonly influential on 
chloride adsorption at both temperatures. 
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Figure 75:     Main effects of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption of Cl- by 
limestone at 25°C and 90°C in the presence of crude-oil 
 
75a:  Effect of [Ca2+] in seawater on adsorption of   
Cl- by the limestone surface 
75b:   Effect of [Mg2+] in seawater on adsorption of Cl- 
by the limestone surface 
75c: Effect of [SO42-] in seawater on adsorption of Cl- 
by the limestone surface 
 75d:   Effect of [Cl-] in seawater on adsorption of Cl- 
by the limestone surface 
               
-25
-20
-15
-10
-5
0
D1 D2
C
l- A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
Factor D Mean Level Averages
25 C 90 C
-25
-20
-15
-10
-5
0
C1 C2
C
l- A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
Factor C Mean Level Averages
25 C 90 C
-20
-18
-16
-14
-12
-10
-8
-6
-4
-2
0
B1 B2
C
l- A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
Factor B Mean Level Averages
25 C 90 C
-30
-25
-20
-15
-10
-5
0
A1 A2
C
l- A
ds
or
pt
io
n 
de
ns
ity
(m
g/
g)
Factor A Mean Level Averages
25C 90C
 141 
 
 
Figure 76:  Two-way interactions of [Ca2+], [Mg2+], [SO42-], and [Cl-] on the adsorption  
of Cl- by limestone at 25°C and 90°C in the presence of crude-oil 
 
                     
76a: Combined effect of [Ca2+] & [Mg2+] in seawater   
on adsorption of Cl- by the limestone surface 
76b:Combined effect of [Ca2+] & [SO42-] in seawater 
on adsorption of Cl- by the limestone surface 
76c: Combined effect of [Ca2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
76d: Combined effect of [Mg2+]&[SO42-] in seawater 
on adsorption of Cl-  by the limestone surface 
76e: Combined effect of [Mg2+] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
76f: Combined effect of [SO42-] & [Cl-] in seawater 
on adsorption of Cl- by the limestone surface 
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4.2.1.9 Summary of adsorption results of Ca2+, Mg2+, SO42-, and Cl- on Limestone
From the foregoing discussions, it is obvious that the rock-fluid interactions of Ca2+,
Mg2+, SO42-, and Cl- with limestone under the different conditions are complex, which
means that utilizing just any of them without determining the best that suits the reservoir
conditions will be ineffective. For ease of understanding, a summary of the major
observations are discussed.
The rock-fluid interactions at 25°C, in the absence of crude oil has shown that Calcium
ion adsorption onto limestone can be enhanced by most importantly increasing calcium
ion concentration in seawater ,and decreasing magnesium or chloride ion concentrations
or both. Magnesium ion adsorption will be promoted mostly by decreasing chloride ion
concentrations in seawater. A decrease in calcium ion will also favour magnesium ion
adsorption, but will seriously impede adsorption of SO42- onto limestone. Increasing the
concentrations of calcium and chloride ions in seawater will enhance chloride ion
adsorption. Anhydrite (CaSO4) dissolution will be promoted at this condition by
decreasing calcium ions in the injected or surrounding seawater.
Interactions at 25°C, in the presence of crude oil showed that increasing the calcium ion
concentration in the injected seawater will significantly promote calcium ion adsorption,
while Mg2+ adsorption onto the limestone can be enhanced by mostly reducing the
concentrations of both SO42- and Cl- simultaneously in seawater. Decreasing Ca2+
concentration in seawater will significantly hinder sulfate and chloride ion’s adsorption
onto limestone. It is again seen here that anhydrite (CaSO4) dissolution will be
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significantly promoted by decreasing calcium ions in the injected or surrounding
seawater.
At 90°C, in the absence of crude oil, rock-fluid interactions confirmed that increasing of
calcium ion in seawater is the optimum way to enhance calcium ion adsorption onto the
rock. Magnesium ion adsorption can be enhanced by simultaneously increasing either the
concentrations of sulfate and magnesium ions or sulfate and chloride ions in the injected
seawater. Sulfate ion adsorption can mostly be promoted by increasing calcium ions in
seawater, while simultaneously increasing calcium and decreasing chloride ion
concentrations in seawater is the optimum way to enhance chloride ion adsorption onto
limestone. Anhydrite dissolution can be enhanced by decreasing both calcium and
magnesium ions, decreasing both calcium and sulfate ions, and decreasing and increasing
calcium and chloride ions respectively simultaneously in seawater.
The rock-fluid interactions at 90°C, in the presence of crude oil showed that the optimum
way to enhance calcium ion adsorption onto limestone is to simultaneously increase and
decrease the calcium and magnesium ions respectively in seawater. Magnesium ion
adsorption can be significantly promoted by simultaneously decreasing the calcium ions
with an increase in either magnesium or sulfate ions. Increasing both calcium and sulfate
ions, and decreasing chloride ions in the injected seawater will significantly promote
sulfate ion adsorption onto limestone, while chloride ion adsorption can be enhanced by
increasing both sulfate and calcium ions in the injected seawater. Anhydrite dissolution in
this case will be significantly promoted by decreasing both calcium and sulfate ions,
while also increasing both magnesium and chloride ions.
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Increasing the temperature altered the interactions of our ions. More calcium ion go into
solution as a result of the high reactivity of magnesium ions at high temperature. This
high reactivity ensured high magnesium adsorption, thereby substituting or displacing
calcium ions in the limestone crystal lattice. Thus, the substitution reaction which has
been reported to increase the water wetness of carbonate reservoirs [1, 25, 27, 66] has
been confirmed. Sulfate ion desorption from the limestone rock significantly decreased at
high temperature, which means that the dissolution of anhydrite is also a function of
temperature. The desorption of sulfate ion was found to significantly decrease as the
temperature increased from 25°C to 90°C. This finding is in line with the recent
observation of Yousef et al. [66].
4.2.2 Zeta Potential Results on Limestone
4.2.2.1 Iso-Electric Point (IEP) of Limestone
Figure 77 illustrates the zeta potential profile of limestone in deionized water as a
function of pH. An IEP value of 7.03 is obtained at equilibrum. The literature IEP values
of calcite ranges from 4 to 10.8, while that of dolomite is generally reported as ≤ 7 [80].
Since 73% of our limestone sample is dolomite, it is logical that our limestone IEP should
be close to 7, which is in agreement with the literature values. At pH > IEP, an excess
concentration of negative species will predominate at the interface, and the surface will
be negatively charged, while at pH < IEP, there will be an excess concentration of
positive species at the interface, which will result into the surface being positively
charged.
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Figure 77: Zeta Potential profile of limestone in deionized water as a function of pH at
25°C.
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4.2.2.2 Impact of Calcium, Magnesium, Sulfate, Carbonate, and Bi-Carbonate ions
on the Zeta Potential of   limestone
The effects of increasing the concentrations of calcium, magnesium, sulfate, carbonate
and bi-carbonate ions in clean brines (brines containing only one ion) on the zeta
potential of limestone are presented in Figure 78. It is observed that increases in the ionic
concentrations of calcium and magnesium ions increased the positivity of the surface
charge of limestone as can be seen from Figures 78a and 78b. Conversely, increasing the
ionic concentrations of sulfate, carbonate and bi-carbonate ions decreased the zeta
potential of limestone, thus confirming all these ions as potential determining ions of
limestone. It is interesting to see from Figure 78d that the effect of carbonate ion
overweighs that of bi-carbonate ion, which means that the carbonate ion is a stronger
potential determining ion for limestone than bi-carbonate ion.
Sulfate ion  effect on carbonate charges has been identified to be very crucial for
improved oil recovery [1, 12, 22, 23, 25], and so further evaluation was carried out on the
relative strength of SO42- in the presence of Ca2+ and Mg2+ on the Zeta Potential of
limestone. The results, which are presented in Figure 79, indicate that as the SO42- to Ca2+
and SO42- to Mg2+ ratios increase, the zeta potential of limestone decreases. It is also
interesting to observe the trends in this figure which generally emphasizes again that the
higher the sulfate concentration in the brine, the higher the reduction of the surface
charge of limestone.
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Figure 78: Impact of Ca2+, Mg2+, SO42-, CO32-, and HCO3- on the zeta potential of
limestone at 25°C
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Figure 79: Effect of varying SO42- / Ca2+ and SO42- / Mg2+ ratios on the zeta potential of
limestone
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4.2.2.3 Zeta potential of limestone in seawater
Zeta potential of limestone particles were measured after conditioning in seawater in the
absence and presence of crude oil at 25 °C. Table 4 presents the compositions of the 16
brines used in this study. Because most carbonate reservoirs have pH values of 7-8 [84],
all our zeta potential measurements were made at pH ranging from 7.4 to 7.5. Results
presented in Figure 80 indicate a negative zeta potential between 0 and -12 mV for the
limestone particles in all the 16 brines. Alotaibi et al. [85] reported negative zeta potential
values of -12.72 mV and -4.65 mV for oil-wet and intermediately-wet limestone particles
respectively in seawater at pH 8. A value of -8.3mV has been reported for dolomite
particles in 10% diluted seawater [69]. Yousef et al. [66] reported recently about -2.5mV
and -10mV for carbonate particles in twice diluted seawater at 40°C and 60°C
respectively at pH 7-8. Reduction in the ionic strength of seawater by dilution was also
shown to change the zeta potential of carbonate rock towards more negative, and
eventually alter rock wettability [66]. Even though wettability tests are beyond the scope
of this thesis, it has been confirmed that limestone particles will interact differently in
different fluid environments. Figure 80 also shows that the presence of crude oil made the
surface charge of limestone particles more negative than in the absence of oil. This can be
attributed to the fact that more calcium ions were able to leave the carbonate lattice in the
presence of oil, thus creating more negative charges [69]. This zeta potential result thus
confirms the adsorption results presented earlier in Figures 45 and 46. Ca2+ raw
adsorption experimental results for limestone presented in Figure 81 also confirms this
result.
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Figure 80: Zeta potential of limestone in modified seawater brines in the presence and
absence of crude oil at 25°C
Figure 81: Ca2+ raw experimental adsorption result on limestone
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Figures 82, 83, and 84 also present respectively Mg2+, SO42-, and Cl- raw adsorption
experimental results for limestone in the presence and absence of crude oil at 25°C and
90°C. It is generally observed from figure 82 that Mg2+ adsorption onto limestone
occurred mostly in the absence and presence of crude oil at 90°C, while most desorptions
of Mg2+ occurred in the absence and presence of crude oil at 25°C. Figure 83 shows
mostly desorption of SO42- from the limestone at all conditions, with Cl- showing both
adsorptions and desorptions at all conditions as can be seen from figure 84.
Figure 82: Mg2+ raw experimental adsorption result on limestone
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Figure 83: SO42- raw experimental adsorption result on limestone
Figure 84: Cl- raw experimental adsorption result on limestone
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4.2.2.4 Impact of Temperature on the Zeta Potential of Limestone
The effect of temperature on the zeta potential of limestone was evaluated using
deionized water and 25% SW (4 times diluted seawater) at three different temperatures,
specifically 40°C, 55°C and 70°C. The results, which are presented in Figure 85 show
that the zeta potential values decrease with an increase in temperature. The solubility of
calcium ion increases with temperature, resulting into more Ca2+ leaving the carbonate
crystal lattice, hence creating more negative charges [69]. This observation is consistent
with results presented earlier in Figure 11 for the PCC and also with the findings of
Alotaibi et al. [69], Yousef et al. [66], and Rodriguez and Araujo [83].
Figure 85: Effect of temperature on the zeta potential of limestone
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCLUSIONS
Based on the results of this study, the following main conclusions can be drawn:
 The rock-fluid interactions of Ca2+, Mg2+, SO42-, and Cl- in seawater with carbonate
rocks are dependent on the rock type and constituents, brine composition, presence of
crude oil, and reservoir temperature.
 Fundamental adsorption studies on precipitated calcium carbonate (PCC) showed that
calcium, magnesium, and sulfate ions will adsorb onto PCC from brine, and the
magnitude of adsorption is directly proportional to the concentration of these ions in
brine.
 Adsorption of calcium and magnesium ions onto PCC increased with temperature, and
substitution of calcium ion on the PCC crystal lattice by magnesium ion increased
significantly with temperature.
 Zeta potential results on PCC confirm that calcium, magnesium, and sulfate ions are
potential determining ions for PCC by altering the surface charge of PCC.
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 Adsorption results on limestone in the absence of crude oil at 25°C showed that
calcium ion adsorption onto limestone can be enhanced by increasing calcium ion
concentration in seawater, and decreasing magnesium or chloride ion concentrations
or both. Magnesium ion adsorption will be promoted mostly by decreasing either
calcium or chloride ion’s concentrations in seawater. Decrease of calcium ion in
seawater will tremendously reduce adsorption of sulfate ion onto limestone. Increasing
the concentrations of calcium and chloride ions in seawater will enhance chloride ion
adsorption. Anhydrite (CaSO4) dissolution will be promoted by decreasing calcium
ions in the injected or surrounding seawater.
 Adsorption results on limestone in the presence of crude oil at 25°C showed that
increasing the calcium ion concentration in the injected seawater will significantly
promote calcium ion  adsorption, while magnesium  ion adsorption onto the limestone
can  be  enhanced by mostly reducing the concentrations of both sulfate and chloride
ions simultaneously in seawater. Decreasing Ca2+ concentration in seawater will
significantly hinder sulfate and chloride ion’s adsorption onto limestone under this
condition. Anhydrite (CaSO4) dissolution will be significantly promoted by decreasing
calcium ions in the injected or surrounding seawater.
 Adsorption results on limestone in the absence of crude oil at 90°C showed that
increasing calcium ion in injected seawater is the optimum way to enhance calcium
ion adsorption onto the limestone rock. Magnesium   ion adsorption can be optimally
enhanced by simultaneously increasing either the concentrations of sulfate and
magnesium ions or sulfate and chloride ions in the injected seawater. Sulfate ion
adsorption can mostly be promoted by increasing calcium ions in seawater, while
simultaneously increasing calcium and decreasing chloride ion concentrations in
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seawater is the optimum way to enhance chloride ion adsorption onto limestone.
Anhydrite dissolution can be enhanced by decreasing both calcium and magnesium
ions, decreasing both calcium and sulfate ions, and decreasing and increasing calcium
and chloride ions respectively simultaneously in seawater.
 Limestone rock-fluid interactions in the presence of crude oil at 90°C showed that
calcium ion adsorption can be increased by simultaneously increasing and decreasing
the calcium and magnesium ions respectively in the injected seawater, while
magnesium ion adsorption can be promoted by simultaneously decreasing the calcium
ions with an increase in either magnesium or sulfate ions. Increasing both calcium and
sulfate ions, and decreasing chloride ions in the injected seawater will significantly
promote sulfate ion adsorption onto limestone, while chloride ion adsorption can be
significantly enhanced onto limestone by increasing both sulfate and calcium ions in
the injected seawater. Anhydrite dissolution from limestone in the presence of crude
oil at 90°C can be significantly enhanced by decreasing both calcium and sulfate ions,
while also increasing both magnesium and chloride ions.
 Temperature increase altered the adsorption interactions of our ions with limestone, by
mostly the substitution reaction of magnesium ion, and the decrease in sulfate
desorption from the limestone.
 Zeta potential results on limestone confirm that calcium, magnesium, sulfate,
carbonate and bi-carbonate ions are potential determining ions of limestone by altering
its surface charge.
 Limestone is negatively charged in seawater at pH range of 7.4 to 7.5. This surface
charge was found to vary with different brine compositions, and the presence of crude
oil generally decreased the zeta potential of limestone in seawater at 25°C.
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 Increasing temperature reduced the surface charge of PCC and limestone in brine.
5.2 RECOMMENDATIONS
Having established the fundamental ionic interactions of Ca2+, Mg2+, SO42-, and Cl- in
seawater with limestone, the following suggestions are recommended for future studies:
 Spontaneous imbibition and core-flooding of limestone cores should be done with the
16 brines utilized in the adsorption studies in order to assess their oil recovery
potential.
 After assessing the oil recovery potential of the 16 brines, reference should be made
back to the individual ionic adsorption raw results of the high potential brines to assess
the kind of interactions taking place. Optimization of the interactions should then be
done with the conclusions derived from the ANOVA adsorption studies.
 Zeta potential studies on limestone in diluted seawater, supported by wettability
studies should be carried out to shed light on the relationship between zeta potential
and wettability
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APPENDIX
Figure A1: SEM image of Limestone
Table A1: Ca2+ raw experimental adsorption data on limestone
Absence of oil at 25°C Presence of oil at 25°C Absence of oil at 90°C Presence of oil at 90°C
Brines Co-Ce(ppm) Co-Ce(ppm) Co-Ce(ppm) Co-Ce(ppm)
Brine 1 -81.4 -222.6 -174.5 -173
Brine 2 -48 -187.2 -141.3 -136.4
Brine 3 -61.1 -172.8 -131.3 -108.8
Brine 4 -90.8 -237.4 -212.1 -247.4
Brine 5 -99.2 -244.4 -396.6 -344.7
Brine 6 -91.6 -188.8 -202.6 -252.7
Brine 7 -91.3 -203.8 -285.7 -287.6
Brine 8 -75.4 -166.3 -244.3 -199.7
Brine 9 -95.9 -275.4 -290.7 -274.5
Brine 10 -82.5 -171.3 -232.3 -177.2
Brine 11 -92.2 -279.2 -284.1 -244.8
Brine 12 -86.1 -147.4 -191.7 -114.6
Brine 13 -94.3 -208.6 -85.9 -204.3
Brine 14 -101 -203.8 -390 -382
Brine 15 -72.7 -275.3 -262.5 -316
Brine 16 -98 -282.5 -320.5 -375.1
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Table A2: Mg2+ raw experimental adsorption data on limestone
Absence of oil at 25°C Presence of oil at 25°C Absence of oil at 90°C Presence of oil at 90°C
Brines Co-Ce(ppm) Co-Ce(ppm) Co-Ce(ppm) Co-Ce(ppm)
Brine 1 23.2 -37.2 24.3 71.1
Brine 2 21.7 43.7 21.4 14.7
Brine 3 39.8 1.9 -21.2 32.8
Brine 4 18.7 7.4 26.5 42
Brine 5 11.9 49.1 63.7 149.5
Brine 6 -5.4 -19.4 42.2 77.2
Brine 7 15 -62.8 91.4 99.9
Brine 8 17.8 -51.1 34.8 49.1
Brine 9 17.8 -39.8 81.4 55.5
Brine 10 13 18.8 25.7 11.9
Brine 11 -12.1 -45.5 93.1 55.8
Brine 12 -14 1.1 33.5 56.7
Brine 13 1.7 -29.5 389.3 91.6
Brine 14 7.5 14.1 88.9 105.1
Brine 15 70.7 -46.4 85.1 64.6
Brine 16 18 -84.3 156.1 165.1
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Table A3: SO42- raw experimental adsorption data on limestone
Absence of oil at 25°C Presence of oil at 25°C Absence of oil at 90°C Presence of oil at 90°C
Brines Co-Ce(ppm) Co-Ce(ppm) Co-Ce(ppm) Co-Ce(ppm)
Brine 1 -197 -661 -1006.9 187.85
Brine 2 -141 -285 262.5 86.5
Brine 3 -324 143 88.05 -543.8
Brine 4 -278 -161 -571.35 -544.15
Brine 5 -248 -520 -247.95 -705.95
Brine 6 -125 -304 -148 89.7
Brine 7 -317 -405 -205.55 -352.8
Brine 8 -188 -1098 361.45 587.6
Brine 9 -250 -682 -759.8 -590
Brine 10 -204 -503 -598.85 -329.9
Brine 11 -170 -1221 -350.05 49.55
Brine 12 -315 -175 -481.25 159.85
Brine 13 74 -148 442.65 -558.85
Brine 14 -198 -361 -745.9 -527.35
Brine 15 -148 -153 -289.55 -280.2
Brine 16 -408 -702 -790.05 -139.35
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Table A4: Cl- raw experimental adsorption data on limestone
Absence of oil at 25°C Presence of oil at 25°C Absence of oil at 90°C Presence of oil at 90°C
Brines Co-Ce(ppm) Co-Ce(ppm) Co-Ce(ppm) Co-Ce(ppm)
Brine 1 8 -1605 -4353.55 -62.5
Brine 2 193 -390 2624.25 1423.5
Brine 3 -364 799 465.1 -1995.65
Brine 4 -593 -111 -2674.25 -2407.6
Brine 5 -498 94 -285.6 -3080.3
Brine 6 -77 1020 -1224 426.95
Brine 7 -396 -1057 -432.3 -572.6
Brine 8 -115 -3663 1712 2612.75
Brine 9 -228 -5092 -5939.85 -3377.3
Brine 10 -67 -1195 -5156.8 -1598.85
Brine 11 205 -3771 -360.4 1681.95
Brine 12 -362 1857 -2612.35 1021.25
Brine 13 1238 355 2910.9 -2739.85
Brine 14 92 147 -5564.35 -1647.5
Brine 15 -59 332 -413.45 -705.75
Brine 16 -857 -3264 -3548 -110.1
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METHOD AND EQUATIONS USED IN THE ESTIMATION OF EQUILIBRUM
CONSTANTS AT 90°C FOR CALCIUM ION ADSORPTION DATA ANALYSIS
FOR PCC
Kw at 90°C = 53 X 10-14 [72]
Ksp = 9.237E-9 e-0.0277 T, where T is in °C [76]
Acid dissociation constants for carbonic acid were calculated utilizing these two
equations below [74];
pK1= 3404.71/T + 0.032786T - 14.8435
pK2= 2902.39/T + 0.02379T - 6.4980
where the absolute temperature T = t(°C) + 273.15 K.
Then, Ka = 10^ (- pKa )
Kb= [75] ;
Kb=  Base dissociation constant
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NOMENCLATURE
[Ca2+] : Calcium ion concentration
[Mg2+] : Magnesium ion concentration
[SO42-] : Sulfate ion concentration
[Cl-] : Chloride ion concentration
Ci : Initial ionic concentration
Ce : Equlibrum ionic concentration
[Ca2+]e : Calcium ion equilibrum concentration
[Mg2+]e : Magnesium ion equilibrum concentration
[SO42-] e : Sulfate ion equilibrum concentration
[Cl-]e : Chloride ion equilibrum concentration
[Ca2+]ads : Adsorbed calcium  ion  concentration
[Ca2+]ini : Initial  calcium ion concentration
[Ca2+]diss : Dissociated calcium  ion concentration
ppm : parts per million
M : Mole/Liter
PCC : Precipitated Calcium Carbonate
Ksp : Solubility Constant
Kb :Base dissociation constant
Kw :Water dissociation constant
OOIP : Original oil in  place
LSE : Low  Salinity  Effect
Wt. % : Weight Percent
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At. % : Atomic Percent
50% SW : Twice-diluted seawater
25% SW : 4 times-diluted seawater
ZP : Zeta Potential
EM : Electrophoretic Mobility
A1 : 325 ppm Ca2+
A2 : 650 ppm Ca2+
B1 : 1055 ppm Mg2+
B2 : 2100 ppm Mg2+
C1 : 2145 ppm SO42-
C2 : 4290 ppm SO42-
D1 : 17006 ppm Cl-
D2 : 25000 ppm Cl-
A1-B1 : 325 ppm Ca2+, 1055 ppm Mg2+
A1-B2 : 325 ppm Ca2+, 2100 ppm Mg2+
A2-B1 : 650 ppm Ca2+, 1055 ppm Mg2+
A2-B2 : 650 ppm Ca2+, 2100 ppm Mg2+
A1-C1 : 325 ppm Ca2+, 2145 ppm SO42-
A1-C2 : 325 ppm Ca2+, 4290 ppm SO42-
A2-C1 : 650 ppm Ca2+, 2145 ppm SO42-
A2-C2 : 650 ppm Ca2+, 4290 ppm SO42-
A1-D1 : 325 ppm Ca2+, 17006 ppm Cl-
A1-D2 : 325 ppm Ca2+, 25000 ppm Cl-
A2-D1 : 650 ppm Ca2+, 17006 ppm Cl-
165
A2-D2 : 650 ppm Ca2+, 25000 ppm Cl-
B1-C1 : 1055 ppm Mg2+, 2145 ppm SO42-
B1-C2 : 1055 ppm Mg2+, 4290 ppm SO42-
B2-C1 : 2100 ppm Mg2+, 2145 ppm SO42-
B2-C2 : 2100 ppm Mg2+, 4290 ppm SO42-
B1-D1 : 1055 ppm Mg2+, 17006 ppm Cl-
B1-D2 : 1055 ppm Mg2+, 25000 ppm Cl-
B2-D1 : 2100 ppm Mg2+, 17006 ppm Cl-
B2-D2 : 2100 ppm Mg2+, 25000 ppm Cl-
C1-D1 : 2145 ppm SO42-, 17006 ppm Cl-
C1-D2 : 2145 ppm SO42-, 25000 ppm Cl-
C2-D1 : 4290 ppm SO42-, 17006 ppm Cl-
C2-D2 : 4290 ppm SO42-, 25000 ppm Cl-
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